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Abstract
Succinimide dispersants are used in engine oils to reduce aggregation of 
carbonaceous deposits arising from the combustion process. This thesis describes an 
experimental and molecular modelling investigation into the physical characteristics 
of these dispersants. An introduction to dispersants and key processes that possibly 
contribute to the dispersancy mechanism are presented in chapters one and two.
A matrix of straight chain Cg-Cig mono-, his- and tris- model succinimide 
compounds with chemically variable headgroups were synthesised and a range of 
analytical techniques were used to characterise their interfacial and solution 
behaviour. This work is described in chapters three, four and five. Vapour pressure 
osmometry measurements revealed that the succinimides behave as typical 
amphiphilic oligomers in hydrophobic solvents with little association except for the 
mono- compounds. Langmuir trough experiments gave information on the physical 
arrangement of the molecules in a close-packed monolayer, demonstrating that 
packing on a surface is highly dependent on the size and shape of the headgroup and 
less so on chainlength. Ellipsometry performed on these molecules deposited onto 
silicon wafers showed that the C^ g molecules formed good coverage close-packed 
Langmuir-Blodgett multi-layer films. The succinimides are extremely effective at 
adsorbing onto polar substrates, demonstrated in both the TLC and adsorption studies 
with activated carbon. Viscometry experiments with activated carbon suspensions 
have provided the basis for a laboratory scale dispersancy test.
Computer simulations described in chapter six give supporting evidence for 
the succinimides affinity for polar moitiés on carbonaceous surfaces, and sensitivity 
of adsorption to chemical composition of the dispersant molecules and surface 
curvature.
Chapter seven concludes by bringing together the results from the 
experimental and modelling studies presenting the main conclusions and suggesting 
topics for further research.
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CHAPTER ONE:
INTRODUCTION
Chapter One : Introduction
1.1 Objectives
Many additives are mixed into engine base oils and fiiels to enhance 
performance, each serving a specific function [1]; a summary and examples of each 
type are given in Table 1. During the combustion process fuel is burned to release 
energy in the form of heat which causes a rise in pressure in the combustion chamber, 
which is then converted into mechanical energy. However, in this process the sulphur 
compounds present in the fuel (up to 5% in diesel fuels) are oxidised to sulphur oxides 
which can then react with water (also a combustion by-product) to form sulphurous 
acids such as H2SO4. Lubricant base oil is a complex mix of aromatic, paraffinic and 
naphthenic compounds and oxidation of the base oil, which is promoted by the action 
of ‘blow-by’ gases from the combustion process, also produces oxy-acids, nitrous and 
sulphur oxides and carbonaceous particulates which all contribute to the degradation 
of the oil. One role of the additives pack is to reduce the production of these 
compounds and the adverse effects they cause. The dispersant is one of the most 
important types of additive in the pack, whose function is to reduce the aggregation of 
carbonaceous solids in the engine oil and reduce its deposition on engine walls and in 
filters. Succinimides are widely used as commercial dispersants. This solid material is 
usually referred to as “sludge” (in petrol engines) or “soot” (in diesel engines) . Sludge 
accumulation can cause engine failure through wear and oil blockage. The mechanism 
by which the dispersant molecules prevent sludge or soot accumulation is still not 
understood. The objective of this research was to carry out laboratory scale 
experiments to understand better the behaviour of dispersant molecules in solution and
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with solid substrates and to thereby cast some light on possible dispersancy 
mechanisms.
Table 1 Lubricant additive types and functions
Additive Function Examples of types of molecules used
Detergents (Metallic 
Dispersants)
Neutralise acid ‘blow by’ gases. Reduce 
lacquer and varnish deposits. Prevent ring 
sticking
Salicylates, Sulfonates, Phenates, 
Phosphonates, Calixerates
Ashless Dispersants Suspend carbonaceous ‘sludge’. Reduce 
aggregation o f ‘sludge’ particles. Prevent 
deposit formation/build up on engine parts
N-substituted long-chain alkenyl succinimides, 
High-molecular-weight esters and polyesters. 
Amine salts of hi^i-molecular-weight organic 
acids, Mannich base derived from high- 
molecular-weight alkylated phenols
Oxidation/Bearing 
Corrosion Inhibitors
Prevent deterioration/oxidation of the oil by 
radical inhibition. Reduce corrosion due to 
acid/oxide interactions
Organic phosphites. Sulphurised olefins. Metal 
dithiocarbamates. Zinc dialkyldithiophosphates 
(ZDDPs)
Antioxidants Reduce oxidation by metal deactivation and 
radical termination/prevention
Phenolic compounds, Phosphosulfurized 
terpenes. Aromatic nitrogen compounds
Viscosity Index (VI) 
Improvers
Improve viscosity/temperature characteristics Polymethacrylates, Ethylene-propylene 
copolymers (OOP), Styrene-diene copolymers, 
Styrene-ester copolymers
Antiwear Additives Prevent wear due to metal-metal contact by 
forming a film between the metal surfaces
Organic phosphites. Sulphurised olefins, 
ZDDPs, Alkaline compounds as acid 
neutralisers
Pour Point 
Depressants
Prevent congelation of the oil, at low 
temperatures, due to paraffin wax 
crystallisation, by adsorbing onto wax crystals 
reducing crystal volume which permits oil flow
Wax alkylated naphthalene. Polymethacrylates, 
Crosslinked wax alkylated phenols. Vinyl 
acetate/fumaric-acid-ester copolymers. Vinyl 
acetate/vinyl-ether copolymers, Styrene-ester 
copolymers
Rust Inhibitors Neutralise strong acids. Form protective 
barriers which keep water from coming into 
contact with the metal surfaces
Sulphonates, Amine phosphates. Amines, 
Substituted imidazolines, Ethoxylated phenols, 
alkenyl succinic acids
Friction Modifiers Reduce friction between moving parts of the 
engine. Reduce noise in wet brake systems. 
Assist in the correct engagement of the clutch
Phosphonates, Long chain amides. 
Molybdenum disulphide
Anti-Foaming
Agents
Reduce the surface tension of the oil to prevent 
over flow into the sump. Inhibit oxidation by 
reducing air/oil contact
Polysilicones
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1.2 General background
Solids accumulation in the engine oil can be a serious practical problem 
because once the particles reach above ~lpm in diameter they tend to stick together by
Avirtue of highly attractive van der Waals interactions (to leading order a  — where A is
the Hamaker constant, which is specific to each compound, and h is the separation 
between the particle surfaces). The solid aggregates that result have a tendency to 
sediment under gravity, which can lead to wear and blockage problems in engine 
components.
Dispersants as a class of material are used in a wide range of industries to 
prevent such solid deposits. For example, in water-based coatings such as paints and 
clay slurries (used for paper coating) polyacrylates and substituted celluloses are used 
[2 ]. Also hydrophobic graphitic particles are dispersed in aqueous media by polymers 
and surfactants in a range of important industrial processes such as dye dispersion and 
ink manufacture [3]. The hydrophobic chains are thought to adsorb on the graphitic 
surface while the hydrophilic moieties extend into the solution thereby preventing close 
approach of the particle surfaces [3][4]. A typical dispersant would be a non-ionic 
surfactant consisting of nonylphenyl with 13 propylene oxide units as the hydrophobic 
moiety and 27-174 ethylene oxide units as the hydrophilic moiety [5]. Non-ionic 
oligomeric surfactants are widely used as crystal habit modifiers for similar reasons 
(e.g., cement hydration retarders inhibit borite (BaS04) formation in oil wells) [6].
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The efficiency of the adsorbate in achieving the desired result will depend on 
the mechanism and extent of adsorption. All dispersants are combinations of 
hydrophobic and hydrophilic moieties, the part that attaches to the particle depending 
on the chemical nature of the particle to be dispersed and the solvent. The interaction 
of polymers and solid particles can be rather complex resulting in either stabilisation of 
small particles or enhanced aggregation (by depletion or bridging flocculation 
illustrated in Fig. 1.1) depending on the chemical conditions [7]. Molecular mass of 
the polymer and chemical nature of the solvent are two such factors.
Depletion flocculation: caused ty  ‘free’ polymer molecules. 
Attractionbetvvœn the particles is caused ty  osmotic pressure.
^  ~0O‘
Bridging flocculation: is caused by polymer molecules spanning 
betweai the particles.
Fig. 1.1 Illustration of bridging and depletion flocculation of small particles.
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There are several alternative perspectives on dispersancy. One traditional view 
for ~pm sized colloidal particles is to invoke the concept of steric stabilisation which 
is largely entropie in origin and applies best to stabilising polymers, or so-called 
polymer “brushes” of RMM> 100,000 [2]. The particle-particle interactions can be 
treated on a coarse-grained level or at a mean-held level of description [8]. These 
polymers can be represented as a chain of heads held together by springs (the so-called 
statistical segment level representation). In contrast, the relatively small oligomeric 
dispersant molecules, RMM typically <2000, used as lubrication dispersants, for 
example, are more conformationally restrained by backbone potential interactions. The 
chains are quite stiff and an alternative explanation seems more appropriate [9]. The 
coverage by dispersant molecules reduces the attraction between two similar particles 
by reducing the mean Hamaker constant. A, to a value close to that of the solvent. 
The net Hamaker constant which is proportional to the attraction between the two 
particles separated by a solvent medium (m), Apmp, is given by Apmp=(VApp-'VAmm}
[10][11] (N.B. attraction energy » ^ ) .  Consequently, for better dispersion we require
App~ Anun, which is the case if the dispersed particle is covered with a molecule close in 
composition to that of the solvent. Therefore, the carbonaceous core of the particle is 
now surrounded by a layer chemically similar to the solvent, making them less 
attractive.
Dispersants of carbonaceous solids in hydrophobic non-aqueous liquids rely on 
the anchoring of the hydrophilic end of the molecule to the solid, with the hydrophobic 
moiety extending into the solvent. Succinimides are the main dispersant type used in 
lubricating oils. They are classified as “ashless” dispersants because unlike the
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detergent additives they do not contain metal atoms (Ca, Mg, Ba). (Detergents 
present in the additive pack also have a dispersancy function but the presence of their 
metal atoms can lead to the production of insoluble salts on degradation. These salts 
add to the solids problem and are therefore referred to as “ash”.) Succinimides have a 
polar headgroup attached to a relatively high molecular weight hydrocarbon chain 
based on the polymerisation of alkenes such as isobutene. The engine deposits or 
“sludge” arise principally from combustion and oxidation of the oil, the latter can be 
reduced by antioxidant additives [12]. Once formed the insolubles are kept suspended 
in the oil by the dispersants, probably as a finely dispersed suspension of submicron 
particles.
Scanning Electron Microscopy (SEM) shows that the sludge particles are 
agglomerates of diameter ~800nm, made up fi^ om near-spherical ‘primary units’ of up 
to 80 nm in diameter, comprising primarily of carbon (-60%) but also containing 
significant amounts of other elements derived fi'om engine wear, oil and additive 
breakdown (e.g., ca. 6% Pb and 9% S) [13]. The primary particles can be stable for 
some time and they are prevented fi*om aggregation by the mixing effects of Brownian 
motion and shear flow during engine operation [14] [15]. Stabilisation probably takes 
place at an early stage in the precipitation process when the solid particles are quite 
small, preventing them fi*om growing to the -pm scale where Brownian and solvent 
convection forces are insufficient to maintain them in suspension. The larger the 
particles grow the more they tend to stick together by virtue of the increasingly strong 
van der Waals interactions. Just how the dispersant intervenes in the solids growth is 
not known, but if it affects growth at the -nm particle scale then solvation forces and 
the arrangement of the solvent molecules around the particle are likely to be quite
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important given the small particle sizes. A good discussion on the thermodynamics 
and kinetics of the early stages of precipitation at the primary particle level was given 
by Zukoski [16].
The polarity of these particles is probably quite significant in determining the 
dispersancy mechanism, as the polar parts of the dispersant molecules can use these 
sites to attach themselves to the primary particles, hindering their further aggregation 
to larger agglomerates which would otherwise produce a sediment. In fact, the 
polarity of the dispersant molecules is such that they are known to interact strongly 
also with other polar engine additives such as zinc dialkyldithiophosphate (ZDDP), an 
anti-wear agent [17], and overbased detergents, used to neutralise acidic by-products 
of combustion [18]. The molecular geometry and chemical composition is known to 
be important in determining the effectiveness of particle growth retarders/inhibitors 
[6] [19], with the polar group in the molecule typically containing nitrogen and/or 
phosphorous. Although as yet there appears to be little fundamental understanding for 
the reasons for such chemical sensitivity.
Any additive, such as the dispersant, should satisfy a number of criteria. For 
dispersants these should include strong adsorption to the surface of any “sludge” 
particle/carbonaceous deposit and provide a repulsive “barrier” that limits significant 
agglomeration of these particles. The dispersant should enhance the performance çf 
the lubricant and not cause any detrimental affects such as an unacceptable increase in 
the viscosity of the whole suspension. Also, the dispersant should not produce arty 
significant ash deposit on combustion/degradation, when the lubricant has been
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exposed to the severe engine running conditions (e.g., high temperature and shearing) 
for a prolonged time.
A greater understanding of the factors influencing the extent of attraction 
between dispersant and primary particles should eventually lead to the “design” of 
more efficient engine oil dispersants. However because at this stage so little is known 
about the dependence on molecular geometry and composition of the interfacial 
properties of these molecules and their behaviour in solution my objectives were more 
limited. Therefore, in this study it was important to carry out a range of experimental 
techniques on the succinimide molecules to answer some of these basic questions 
about the physical nature of the dispersant molecules in solution and their interaction 
with solid surfaces.
1.3 Overview
The organisation of this thesis is as follows. In chapter two some of the basic theory 
of dispersion/aggregation in colloidal systems is reviewed. This will provide an insight 
into the mechanism by which the dispersants attach themselves to the carbonaceous 
deposits and suspend them in the oil. Chapter three will describe how dispersant 
additives are prepared commercially and how model dispersants were synthesised on a 
laboratory scale for the studies undertaken in this thesis. Chapter four will discuss the 
techniques employed to characterise these model compounds. Elemental and 
spectroscopic techniques were used to confirm the chemical compositions of the model
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compounds and the use of other techniques such as Langmuir trough, ellipsometiy and 
vapour pressure osmometry were used to investigate their surface and solution 
properties. Chapter five will describe methods used to evaluate dispersancy 
performance. Thin Layer Chromatography (TLC) is a current laboratory based test 
used in the evaluation of dispersants therefore a study was carried out to investigate 
the processes/interactions occurring between the dispersants and the mobile and 
stationary phases. Adsorption and viscometry techniques were also utilised in an 
attempt to relate adsorption and flocculation properties to dispersancy performance in 
engine tests. On the theoretical fi’ont chapter six describes the use of computer 
simulation methods to correlate the mechanism of dispersancy and adsorption 
interactions with experimental results. Finally chapter seven will summarise all the 
results and conclusions presented in previous chapters and suggests fiirther work.
Chapter One : Introduction 11
1.4 References
1. T.V.Liston, Luhrication Engineering, ^  (1992) 389.
2. A.Swerin, L.Odberg and L.Wagberg, Colloids and Surfaces A, 113 (1996) 25.
3. G.Gabrielle, G.Caminati, E.Camiani, M.Righi and G.Sarti, Journal o f Dispersion 
Science & Technology, 15 (1994) 207.
4. Q.Xu, C.Maltesh and P.Somasundaran, Journal o f Dispersion Science & 
Technology, 13 (1992) 195.
5. L.Trochet-Mignard, P.Taylor, G.Bognolo and Th.F.Tadros, Colloids & Surfaces, 
9^ (1995)37 .
6 . P.V.Coveney and W.Humphries, Journal o f the Chemical Society, Faraday 
Transitions, 92 (1996) 831.
7. W.Liang, Th.F.Tadros and P.F.Luckham, Langmuir, 9 (1993) 2077.
8 . AKopf, J.Baschnagel, J.Wittmer and K.Binder, Macromolecules, 29 (1996) 1433.
9. B.I.Lee in Chemical Processing o f Ceramics, ed. B.I.Lee and E.J.APope, Marcel 
Dekker, New York (1994)
10. B.A. de L.Costello, Th.F.Tadros and P.F.Luckham, Journal o f Colloid & Interface 
Science, 1^  (1993) 72.
11. J.Israelachvilli, Intermolecular & Surface Forces, Academic Press, London (1996) 
2nd ed. p200 .
12. H.Shaub and S.P.Kelemen, m SAE International Congress & Exposition, Detroit, 
Michigan (1992).
13. P.G.Harrison, D.A.Greaser and C.C.Perry, Luhrication Engineering, ^  (1992) 
752.
Chapter One ; Introduction 12
14. E.Santacesaria, M.Tonello, G.Storti, R C.Pace and S.J.Carra, Journal o f Colloid 
& Interface Science, 111 (1986) 44.
15. W.B.Russel, D.A.Saville and W.R.Schowalter, Colloidal Dispersions, Cambridge 
University Press, Cambridge (1989). T
16. C.F.Zukoski, D.F.Rosenbaum and P.C.Zamora, Transitions o f the Institute o f 
Chemical Engineers, 74A (1996) 723.
17. P.G.Harrison, P.Brown and J.McManus, Wear, 156 (1992) 345.
18. B.L.Papke and L.M.Robinson, Langmuir, 10 (1994) 1741.
19. S.N.Black, L.A.Bromley, D.Cottier, R.J.Davey, B.Dobbs and J.E.Rout, Journal o f 
the Chemical Society, Faraday Transitions, ^  (1991) 3409.
CHAPTER TWO:
THEORETICAL ASPECTS
OF DISPERSANCY
Chapter Two : Theoretical Aspects of Dispersancy 14
2.1 Introduction
Dispersancy is a great challenge to understand because it combines several 
areas of interface and colloid science, i.e. the dynamic equilibrium between dispersant 
molecules and the colloid particles surface. This then has a determining effect on the 
growing particle size and surface morphology. The mass of solid matter is continually 
increasing as reactions occur in the oil. The final stage is the way in which this 
surfactant and particle mixture responds to external conditions such as the flow regime 
in the engine, temperature and other chemicals in the oil. In the first few sections some 
of the theoretical background underpinning the dispersancy phenomenon will be 
outlined. Then in the final section a simple theoretical treatment for dispersancy that 
uncovers some of the important parameters determining the eventual size of the 
clusters will be discussed.
2.2 Particle stabilisation
The natural tendency for carbonaceous products that accumulate in engine oil 
is for them to aggregate in an uncontrolled manner to a critical size whereupon 
gravitational forces cause these agglomerates to settle into a sludge on the engine walls 
which is not redispersed again during engine operation. The role of the dispersant is to 
limit the growth of these particles so that Brownian forces from the solvent and 
turbulence in the engine are sufficient to keep the particles small and suspended where 
they can do little damage and pass through the filters. The mechanism by which this 
could be achieved is illustrated in Fig. 2.1.
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Fig. 2.1 Dispersant molecules adsorbing onto a sludge particle showing the dynamic equilibrium 
between the molecules in solution and the molecules attached to the particles surface.
The figure shows dispersant molecules and a sludge particle in dynamic 
equilibrium with the sludge particle covered with dispersant molecules. The growth of 
sludge particles to a greater size is prevented by steric stabilisation, illustrated in Fig. 
2 .2 .
Fig. 2.2 Steric stabilisation of sludge particles.
Two covered sludge particles, on approach, are prevented fi'om coming too 
close by the overlap of the attached chains on both particles. On approach of the 
particles, the chains of the dispersant molecules will interpenetrate causing an increase 
in the local density and deformation. This compression of the chains will lead to a 
repulsion between the two particles. Also, the increase in chain density will constrain
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the chains leading to a reduction in the number of conformations they can adopt. This 
implies a reduction in entropy of the system and hence an increase in the Gibbs free 
energy which gives rise to another source of repulsion. The mechanism of steric 
stabilisation has been widely studied by experiment for polymer lattices and there have 
been many theoretical and modelling treatments of this effect [1][2][3]. However, it 
should be noted that steric stabilisation interactions are not classical potentials that 
exist between simple molecules because their magnitude depends on the rate at which 
the two surfaces are brought together. The faster this takes place the stiffer the 
repulsion is, as the chains have less time to accommodate the approach of the two 
surfaces.
Figure 2.3 shows the interaction potential, (])(r), between two stabilised 
particles, which are assumed to be spherical and consist of an impenetrable “core” of 
diameter, a. The effective diameter of each sphere is , a+20, where Ô is the thickness 
of the stabilising layer of dispersant.
Fig. 2.3 The interaction potential between two stabilised particles. The separation between the centres 
of the particles is r and (j)(r) is the potential energy of interaction between the particles.
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The thickness has to exceed the range of the van der Waals attractions 
operating between the cores (represented by the negative cusp in Fig. 2.3). For very 
small colloidal particles the effective thickness of the stabilising layer increases with 
core radius as the radius of curvature increases, illustrated in Fig, 2.4. Therefore it 
seems reasonable that, for a given dispersant molecule, the (largely) carbon particle 
must grow to a suflScient size before it can be effectively stabilised. By assuming that 
the surface area occupied by the dispersant molecule is independent of the radius of 
curvature of the particle (and dominated by the chemical nature of the headgroup), 
then for purely geometric reasons the effective thickness must increase with radius of 
the core of the particle as the polymer (oligomer) chains become more confined and 
project more perpendicularly fi-om the surface normal (see Fig. 2.4).
Fig. 2.4 The effect of primary particle radius (r) on the effective thickness of the stabilising 
layer (5). As r increases Ô increases because the dispersant molecules pack more efiiciently on the 
surface and the chains are forced to project more perpendicular from the surface. For smaller primary 
particles the dispersant molecules can bend over due to the greater available space.
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Polymer chain stabilisation can arise by either chemically grafting on the chains 
to the core surface (a typical chain is polyhydroxy stearic acid) or from the physical 
association of the chains with the particle by virtue of preferential chain-particle 
interactions as opposed to chain-solvent interactions. The optimum situation is for the 
dispersant molecule to contain both particle-like and solvent-like moieties.
A key parameter in colloid science is the volume fraction ^ = ttN' ^  ^  where
6V
there are N colloidal particles o f eflective diameter, Gen- in total volume, V. (Each
sphere has a volume of There have been many experimental and modelling
6
studies of the steric stabilisation. Many of these have concentrated on high volume 
fraction systems in which the properties of the suspension are dominated by the 
network of particles packed closely together with their polymer ‘coats’ in a state of 
high compression (see Fig. 2.5). The mean interparticle separation, h, between the 
colloidal particle surfaces at volume fraction, ([), is given in Equation 2.1,
(l.^~0.63 (2.1)
a  (]>
Fig. 2.5 A network of particles being compressed via their stabilising coats.
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In contrast the systems of interest here are at relatively low volume fractions 
(probably <10% when fully dispersed) and so the behaviour of these systems is 
dominated by those of isolated floes (loose associations of stabilised sludge particles in 
their secondary minima) which will be discussed in section 2.3.
2.3 Flocculation
The literature covering the loose association of colloidal particles into floes is 
extensive [4][5] [6]. Some useful equations can be derived by making simple 
assumptions as described below, developed in collaboration with D.M.Heyes.
Consider a starting system consisting of No primary (spherical) colloidal 
particles with each primary particle occuping a volume, Vo where V is the total volume 
of the system and Mo is the mass of the primary particle. This situation is sketched in 
Fig. 2.6.
V
Fig. 2.6 Initial arrangement of primary particles prior to flocculation
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A simple picture of the subsequent growth process envisages a process of 
cluster-cluster aggregation in which the primary particles progressively combine to 
form dimers, quadruplets and so on, a procedure illustrated in Fig. 2.7.
N c l u s ~ l  Nclus~2  Nclus~4
O O ©©
O O O 8
O
O 8  S  ®  ^
CD© vDO
stage 0 stage 1 stage 2
Fig. 2.7 Schematic representation of the flocculation process.
As a simplification we assume that at each stage there are only particles of a 
single size. Let ndus be the number of clusters of size Ndus at a particular stage. At 
stage 0 ;- ndus=No and Ndus=l, and at stage 1:- ndu$=No/2  and Ndus=2 and so on as the 
aggregation continues. Conservation of the number of primary particles gives, 
ndusNdus=No or Ndus=No/ndus. Now, in general, the clusters will not be densely packed 
with primary particles, but aggregate into rather open tenuous structures, shown in 
Fig. 2.8. This can be characterised by a fi’actal dimension, d f . The lower the fractal 
dimension then the more open is the floe structure. Values of df lie typically in the 
range 1.8-2.2 for colloidal aggregation. The lower the value of df the more “sticky” 
the colloidal particles are making them less prone to further densification.
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Fig. 2.8 The tenuous structure of a cluster of primary particles. The density of particles decreases as 
one goes further from the centre of mass.
Let us assume that a particular fractal cluster has a radius, r. The choice of r  is 
a little subjective but could be defined as the radius of gyration of the cluster, i.e.,
^ ^ dus where ri is the co-ordinate of the monomer index, i, from the
centre of mass of the cluster. Alternatively it could be chosen to be the hydrodynamic 
radius of the cluster which is -90% of that given by the above formula.
If the radius of the primary particle is To then the average number of primary 
particles in a cluster of radius r  is given by Equation (2.2),
% w (r)s(r/r./' (2.2)
where df is the fractal dimension of the cluster*. The fractal dimension is lower or 
equal to the dimension of the space in which the clusters exist. For example, in three 
dimensions we have, df<3. So using ndusNcius=No we have from Equation (2.2),
* [Proof: Let Ndus(r)=4/37Cpor^ , where pois the number density for a compact cluster. 
Therefore, Ndus(r)=4/37cporo (^r/ro)  ^=(r/ro)  ^when 4/37rporo^~l. Then in a lower 
dimension object Ndm(r) -  (rfro)*^ ]
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^clus /  ^ \ - d f
Let Vcius be the volume of the cluster which is irrespective of the fractal dimension, 
such that
^  = (2.4)
Now, the total volume occupied by the aggregates. Va, at any stage is, Va=ndusVcius. 
Combining Equations (2.3) and (2.4) we have.
r r (2.5)
where (|)a=ndusVdus/V which equals the volume fraction occupied by the aggregates and 
(|)o=NoVo/V which equals the volume fraction occupied by the primary particles if they 
are uniformly dispersed in solution. (The aggregate volume fraction, <t)a, is an 
extremely important quantity in colloid science and in this context the physical 
properties and efficiency of the oil, see chapter 5). The important aspect of Equation
(2.5) is that the volume fraction of the clusters is greater than that of the original 
isolated primary particles if df <3. The difference increases dramatically with increases 
in r  or decreases in df. This situation is represented in Fig. 2.9 where there are ndus 
aggregates (or clusters) each of volumes Vdus in the total volume, V.
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Fig. 2.9 Flocculation of the primary particles into aggregates. This shows ncius=6 clusters.
Many colloidal liquid properties such as viscosity are extremely sensitive to the 
effective or apparent volume fraction of the clusters (([)»). As the clusters grow in size 
(i.e., the radius, r, gets larger) then (|)a will increase. A gelled state may be defined 
when these clusters pack together closely as shown in Fig. 2.10.
Fig. 2.10 Close packing of the aggregates when the cluster would form a gel.
Therefore, returning to Equation (2.5)
•Pa = f o 1 (2.6)
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T _L_giving, — (2.7)
as the radius of the cluster at gellation. It can therefore be deduced from Equation 
(2.7) how big^pf^the clusters will grow before they will start to overlap and 
interpenetrate. At this point, because all the space is occupied by clusters, the average 
primary particle volume fraction inside each cluster is equal to (])o, the original primary 
particle volume fraction. This situation will arise eventually as the primary particles 
produced in the engine continue to grow in number.
One factor that has been considered so far is the growth rate of the clusters and 
the aggregate volume fraction, (|)a, which is clearly of relevance to sludge accumulation 
in the engine and the useful life of the oil. From Equation (2.6)
<t>a = <l‘o -  (2.8)\r J
or
■pj
Using Equation (2.9) in Equation (2.2) we have.
(2.9)
= (2.10)
It is reasonable to assume that the sludge primary particles are being created at 
a constant rate uniformly throughout the system through by-product chemical 
reactions. Then Ndus should increase linearly with time, t. Therefore,
ÿi, oct (2.11)
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which indicates that for df=2, <l)aOct^ .^ The aggregate volume fraction should grow 
approximately in proportion to the square root of time, shown in Fig. 2.11. There will 
be a rapid initial growth in which slows down as the engine continues to run (see 
Fig. 2.5).
t
Fig. 2.11 Figure showing the growth of the aggregate volume fraction, (|)a,as a function of time.
It might be possible in the future to be more quantitative, when k the rate of primary 
particle production from engine oil reactions is better known. As with much of the 
discussion in this chapter it has not been possible to be quantitative alongside the 
physical models developed because of the shortage of experimental data.
This section has dealt with some of the principles behind the growth of 
colloidal particles into aggregates, which it is the job of the dispersant to restrict. In 
the next section the adsorption of these molecules onto solid surfaces is considered as 
a separate aspect of the overall process.
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2.4 Adsorption
The dispersant molecules displace solvent molecules from the surface of the 
solid particles and attach themselves to the surface because of the preferential 
attractive potential field of this interaction. These interactions are probably much 
stronger than those between dispersant molecules themselves in solution. It is 
therefore reasonable to assume that the adsorption is confined to submonolayer and 
monolayer behaviour, and quantitatively similar to chemisorption. Historical 
landmarks in describing this process in a simple yet often highly accurate way was 
provided by Irving Langmuir [7]. His starting point was to consider the process of 
adsorption of a molecule from a bulk reservoir to take the form of a chemical 
equilibrium. For a molecule of type A a surface adsorbed species AS is formed.
A + substrate <=> [AS].
Langmuir derived his equations with gaseous adsorption in mind but an entirely 
equivalent derivation can be made for solutes in solution and has been used 
successfully many times over in recent years. The surface of the solid substrate is 
considered to consist of a series of sites upon which adsorption can take place. Each 
site is assumed to have the same adsorption enthalpy. If there are N adsorbent 
molecules in solution the rate of adsorption is equal to,
dN
dt
and the rate of desorption is equal to,
dN
= (2.12)
dt
= (2.13)
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where k* is the adsorption rate constant, kd is the desorption rate constant, 0 is the 
number of surface sites that are occupied by solute molecules over the number of 
adsorption sites available and c is the concentration of solute in solution. In passing, it 
is implicitly assumed that the solvent plays a passive role in the adsorption process and 
that the solute has a greater affinity for the substrate than the solvent, (i.e., any solvent 
molecules will be readily displaced by the solute).
At equilibrium the rate of adsorption and desorption are equal. Therefore,
(2.14)
where Ceq is the equilibrium or final concentration of solute in the solution in contact 
with the substrate. This gives on rearrangement,
e
■a
Letting K equal the equilibrium constant (where K =ka / kd ) this now gives.
(2.16)
Rearranging equation (2.16) gives.
6>=-------—  (2.17)
where.
K  = K„ e x p ( ^ g ^ )  (2.18)
and Ko is a reference equilibrium constant and AadsH is the molar adsorption enthalpy 
(defined as positive for exothermic adsorption). Equations (2.17) and (2.18) are 
central to submonolayer adsorption and provide the starting point for dealing with
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more complicated (i.e., real) surfaces which have a heterogeneous surface on which 
AadsH is a function of surface coverage. Note that equation (2.17) gives a Henry’s law 
region (KCeq->0) at low coverage in which the amount of adsorption is proportional to 
the final (‘equilibrium’) concentration. The main limitation of the Langmuir isotherm is 
that it neglects that there is a spread of types of interaction sites on the surface with 
different strengths of attraction with respect to the adsorbate. It also ignores 
adsorbate-adsorbate interactions which are known to be important for surfactant 
molecules at high fi-actional coverages. In fact surfactant adsorption from solution is 
more complicated than for chemisorbed gases on solids and in comparison not so well 
understood. It is necessary to consider additional features such as self-assembly of the 
monolayers, possible competition with bulk micelle formation in aqueous systems and 
structuring of the solvent against the adsorbent [8]. Adsorption fi-om aqueous solution 
is more difficult to understand than from non-aqueous solvents because of the strong 
entropie effects associated with the hydrogen-bonded structuring of the water. The 
Langmuir isotherm has been applied many times to adsorption from solution 
[9][10][11]. An example of the application of the Langmuir isotherm for adsorption 
fi-om solutions is the adsorption of phenol-formaldehyde resins on activated carbon 
[12].
This section dealt with the adsorption process such as the adsorption of the 
dispersant molecules onto solid substrates. In the next section the types of 
carbonaceous particles that may be encountered in the engine oil will be discussed.
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2.5 Carbon particles
Engine sludge is predominately carbon and it is likely that hetero (e.g. S, O, N) 
and metal atoms (e.g. Zn, Ca) take part in a carbon matrix. Electron micrographs of 
engine soot are not particularly well-resolved at the pore scale. They reveal an 
amorphous structure on the micron scale, but give little information on the atomic 
scale structure which would be useful for interpreting adsorption mechanisms. Carbon 
can exist in at least three naturally occurring pure forms, diamond , graphite and the 
buckminster-fullerenes (Geo, C 70 etc.). These three are highly ordered systems. In 
addition there are many different types of “amorphous” or partially amorphous 
carbonaceous material such as active carbons and carbon black that are widely used in 
industiy as gas adsorbents. Active carbons are porous materials exhibiting slit-like 
micropores and are made by partial combustion and the thermal decomposition of 
various raw materials followed by an activation procedure (e.g., steam at elevated 
temperatures). Carbon blacks contain larger amounts of hetero atoms and are usually 
made by the thermal cracking of hydrocarbon materials in an oil furnace. The interest 
of these (at least partially) amorphous forms of carbon is growing as they are used as 
coating materials and adsorbents. Activated carbons have been used for centuries to 
remove organic '^Çurities from water. They also have a major application in air 
purification in confined spaces where toxic gases give rise to potential health hazards.
The precise atomic scale microstructure of the activated carbons is still not very 
well known. They are generally supposed to consist of aromatic (‘graphitic’) sheets of 
carbon randomly ‘folded’ into a structure consisting of micropores, (entrance diameter
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< 2nm), mesopores (entrance dimensions between 2 and 50nm), and macropores 
(>50nm) that have easy external access [13], The proportion of micropores increases 
with the extent of activation [14], There is even less known about carbon blacks, and 
they could be even more amorphous. Both activated carbons and carbon blacks 
contain heteroatoms (predominately oxygen) the proportion depending on the source 
of the raw material. The structure and surface chemistry of the carbon also depends on 
the source [15].
Following on from the relatively recent discovery of buckminster-fullerenes 
[16] many new forms of partially ordered carbon have been made in the last few years. 
These include so-called carbon “nano-spheres” which are spheres consisting of onion­
like graphitic layers formed by electron irradiation of diamond [17], or by mixed 
valence oxide catalytic carbonisation [18]. There is also a range of fascinating carbon 
“nanostructures” that can be made by electrolysis at 600°C using graphite electrodes 
immersed in molten lithium chloride under argon gas. The products consist of nano­
tubes with internal concentric carbon shells [19].
Therefore, to summarise there has been a renaissance in carbon particle 
chemistry and their means of production. Although it is still rather early to be certain, 
it is likely that the increased control we have now in producing nanometre sized 
particles could have potential beneficial consequences for understanding sludge 
formation and even in using carbon particles (e.g., such as the Ceo fullerenes) as useful 
engine additives such as fnction modifiers in boundary lubrication, where the gap 
between metal surfaces is only a few nanometres.
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2.6 Model for the dispersancy effect.
The dispersancy phenomenon is not purely an application of colloid science but 
also has aspects of surface science and rheology. The former includes surfactant 
adsorption which governs the strength of interaction between the colloidal particles 
and the latter because flow in the engine is possibly a key indicator of the success of a 
dispersant. The probable role of the dispersant is to weaken the attraction between the 
primary particles so that growth is prevented above a certain size and the loose 
agglomerates formed are more easily broken up in the flowing oil and sedimentation is 
also prevented [20].
If too many primary particles aggregate together then the clusters that are 
formed would exceed ~l|im  in diameter and this would cause unwanted wear and 
sedimentation under gravity. (Solid particles <lpm in diameter stay up in the 
oil/solvent indefinitely by virtue of Brownian forces.) Over the last decade several 
groups have looked at the theoretical principles underlying aggregate growth and 
break-up under shear flow. This work is summarised well by Wolthers e/ a/ [21]. The 
steady state size of an aggregate of primary particles is determined by equating the 
viscous stretching force of the shear flow field around an aggregate to the maximum 
‘restraining’ force that the cluster can support to hold the aggregate together. The 
theory presented by Wolthers et al [21] is not easy to implement, as it stands, for 
sludge or soot aggregates because it requires a rather detailed knowledge of the 
analytical form of the distance-dependent potential between the primary particles.
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Therefore, a simplification of this theory, which is adequate and informative for the 
representation of sludge/soot aggregation is described below.
Consider a cluster of primary particles (where the average radius of the cluster 
of primary particles is r  and the radius of a primary particle is ro) suspended in a liquid 
of shear viscosity, T|. The local shear rate, y, experienced by the cluster around its 
outer surface is.
r  = (2.19)
where it is assumed that there is a linear x-velocity graded in the y-direction (i.e., 
known as Couette flow) which is illustrated in Fig. 2.12. It is also assumed that the 
shear flow does not penetrate inside the cluster (this is called “hydrodynamic 
screening”).
r
Shear
flow
Velocity
X
Fig. 2.12 Couette flow around a cluster of radius r.
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The “stretching” force, Fstretch, that the shear flow exerts on the cluster is given 
by an average of the shear stress integrated over a sphere of radius r [21]. ,
5 (2.20)
The ability of the cluster to withstand this stretching force is referred to as the 
restraining force, Frestrain , which is approximately equal to the number of primary 
particles on the surface of the sphere multiplied by the “pull-apart” force (the force 
needed to separate the primary particles from each other).
Arp  - A j r \  r /  \ \  V j
^restrain / r  I \ / 12/7'
(2.21)
where df is the fractal dimension of the cluster which corrects for the fact that the local 
density of primary particles decreases with distance from the centre of mass (i.e., r). 
The last term is the attractive force based on two ideal spheres of radius To separated 
by a distance, h, between their surfaces at the closest point shown in Fig. 2.13 [22].
ro
ro
Fig. 2.13 The attractive force between two spheres of radius ro separated by a gap width h.
A is the Hamaker constant which measures the van der Waals attraction between the 
two spheres. When Fstretch=Frestram the cluster will be on the point of breaking up and
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this relationship can be used to derive a simple expression for the steady state cluster 
radius and how it depends on a number of important system parameters.
(2.22)
If it is assumed that di=2 (an average of the values of 1.8 and 2.2 for diffusion and 
reaction limited aggregation, respectively) then a simple formula for r  can be obtained.
r =
lA r
XSyrih y
(2.23)
or
where B  =
/■ = I  (2.24)
2
2
. Therefore the most significant variable is the equilibrium gap
W^yri)
separation, h, between the primary particle surfaces. This can be roughly equated to 
the thickness of the dispersant film (which has been measured by ellipsometry in 
chapter 4). Therefore, the ‘thicker’ the film of dispersant molecules the smaller the 
average size of the aggregate given specific values for A, y, t\ and Tq. Substituting 
some typical values for these parameters, i.e., A=10'^®J [22], ro=80nm [23], h~2nm, y 
<10V^ (which is thought to be the maximum shear rate encountered in the engine) and 
t|=5cP or SxlO'^Pas (which is approximately the viscosity of the pure oil when new) an 
estimate for the value of r  can be obtained by substituting these typical values into 
Equation (2.23).
2 2xlO“'°(J)x8xlO-'(/w)r
15x10"^ (5 ')x5xlO ^(Pas)x(2xl0 ^nif
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,-27
3jc10 3x10 ^
r^«5.3xlO“‘V  
Therefore we have r»7.3xlO m or « 1pm.
The value of r«lpm  is in the correct order of magnitude of that of ‘real’ engine 
sludge [23]. A more rigorous treatment [21] would take into account the dependence 
of the viscosity on the mean radius. This would make the analysis more complicated 
and a computer would then have to be used to determine r. As the relative viscosity 
upon engine failure is still only several times larger than that of the base oil, the 
approximation adopted above is not going to be too far wrong in its prediction of r.
To recap, the idea behind this theory is that a dispersant film on the particle 
surface weakens the attraction forces between particles so that the growth of clusters, 
bigger than radius r, is prevented by the shear flow field. Larger clusters are unstable 
around their boundaries and cannot withstand the shear forces there. Therefore, the 
“arms” of the floes will be continually “pruned” away by the surrounding oil flow field 
as solids deposition in the oil proceeds, as illustrated in Fig. 2.14.
Shear flow
►
Fig. 2.14 The “pruning” of fractal arms under shear flow preventing aggregate growth.
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Perhaps the most important aspect of the above derivation is the sensitivity of r 
to h, the gap between the surfaces of the two sludge particles. This indicates the 
crucial role played by the dispersant molecule in limiting cluster growth and the 
sensitivity to the molecular architecture. Other parameters such as shear rate (“flow 
rate”), background viscosity of the solvent and the chemical nature of the sludge 
particle as measured through the Hamaker constant give rise to a smaller dependence 
for r  as they are involved inside the square root in Equation (2.23). Examining the 
basic level, it would be expected that smaller clusters would form with longer chain 
length dispersants because these will keep the surfaces of the colloidal particles (to 
which they are adsorbed) further apart.
2.7 Summary
The conditions and time scale for sludge production in an engine means that it 
is difficult to reproduce this process on a laboratory scale. Nevertheless, some of the 
issues likely to be important in sludge production and dispersancy have been discussed 
in this chapter.
One of the main problems is that there are so many variables that could be 
influential in controlling the effect. Operating conditions, chemistry of the oil and 
additives and reaction kinetics are some of these parameters. In addition many of the 
system components and chemical quantities are poorly defined, especially the sludge or 
soot morphology. This poses difficulties in establishing by experiment the key
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parameters. Nevertheless, this chapter has covered some of the key issues and physical 
processes likely to be important in dispersancy. The conclusions can be made more 
quantitative in future Avork when an accumulation of experimental data becomes 
available.
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3.1 Introduction
Succinimides are the most common type of commercial dispersant for engine 
oil applications and they are synthesised in a batch process. This chapter describes the 
procedure I used to make a range of different types of model dispersant in the 
laboratory. The controlled conditions used enabled relatively pure products to be 
synthesised which could then be used and differentiated in physical tests which are 
described in later chapters. The effect of the molecular architecture on the dispersancy 
effect is still not well known, although there is circumstantial evidence to suggest the 
length of the hydrocarbon chain(s) is important. To explore these issues a wide variety 
of succinimide molecules with headgroups containing different numbers of nitrogen 
atoms and hydrocarbon tails of varying lengths were synthesised. The procedure used 
is described in the next section.
3.2 Commercial synthesis
Succinimides are made commercially via a two step reaction. In the first step, 
maleic anhydride is thermally adducted by an ene reaction [1] to polyisobutene (PIB) 
to give polyisobutenyl succinic anhydride (PIBSA). Both concerted pericyclic (such as 
the mechanism shown in Fig. 3.1) and stepwise mechanisms have been proposed for 
the ene reaction, however, experimental evidence seems to strongly suggest that the 
mechanism is indeed a concerted one [2] [3] [4].
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Step 1 PIB + Maleic anhydride
O
PIBSA
H3C
Fig. 3.1 The reaction scheme for step I of the synthesis of succinimides-the ene reaction.
In the second step, the PIBSA is reacted with a polyalkylene amine to yield the 
polybutene succinimide. A generic reaction scheme is given in Fig. 3.2, where R is 
((CH2)nNH)mH.
Step 2 HBSA 4- Polyamine
-R
- R  +
H
H
Succinimide
R
PIB
Fig. 3.2 The reaction scheme for step 2 of the synthesis of succinimides.
The oil solubilising polybutyl tail can vary in RMM but is typically around 1000 
(i.e., ~50 carbon atoms with backbone chain length -20). Commercially the 
polyalkylpolyamine used in this reaction is tetraethylenepentaamine (TEPA), giving
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values of n=2 and m=4 in the R group ((CH2)nNH)mH. Depending on the chemical 
nature of the head group, i.e., the values of n and m, it is possible to form different 
types of dispersant molecules. It is also possible to form different classes of dispersant 
molecule by altering the mole ratio of PIBSA to polyalkyl polyamine. When the mole 
ratio of anhydride to polyamine is 1:1, a product such as the one shown in Fig. 3.3 is 
formed. This is called a /wowo-succinimide.
Fig. 3.3 A mono -succinimide
By altering the mole ratio of anhydride:polyamine to 2:1 or 3:1, respectively, 
the excess anhydride can in theory react at a second and then a third nitrogen site on 
the polyamine molecule to form the so-called bis- and /r/5-succinimides which are 
shown in Fig. 3.4.
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b i s  s u c c i n i m i d e
H —
O
P I B
PIB
H H
tris succinimide
Fig. 3,4 A bis - and tris -succinimide
PIB
Commercially the ô/j’-succinimide is produced. This is because the tris- 
succinimide cannot be made in any viable yield due to the decreased reactivity of the 
secondary amine group. The mono- product (despite the fact it probably has the best 
dispersancy power) is not used commercially because the primary amine groups 
degrade the elastomers currently used in engine seals.
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3.3 Model synthesis
Although the chemical nature of the polyamine headgroup of the commercial 
succinimide product is well defined, the branched alkyl (PIB) hydrophobic tail has a 
distribution of carbon atoms and isomers arising jfrom the manufacturing process of the 
PIB. For example, there are four possible PIB double bond end groups, shown in Fig. 
3.5, which occur in varying proportions in the industrial product (i.e., typically 
vinylidene 2-6%, gem dimethyl trisubstituted 1-3% cis and trans trisubstituted, 40- 
50%, and tetrasubstituted 15-25%).
H3Ç H CH-
1 I IPIB— H2C - C - C - C = C H 2
H3 6  A
vinylidene
H3 G H C H
P I B ------ HgC — C — C
C H 3 " 3
g e m  d im e th y l  t r isubs t i tu ted
H3 Ç H CH
P I B — 0  — 0  — C = C H  
I I I 
H3C H CH3
cis and trans tr isubstituted
H3Ç H C H3  C H;
P I B — C — C — C — C = C ^
I I I I \
H3 C H H CH3 
te t rasubst i tu ted
C H
Fig. 3.5 PIB end groups
In each blend of PIB that is commercially made the percentage of these end 
groups will vary. As each end group reacts with varying rates with the polyamine, the 
final product is a poorly defined mixture of products. Also the molar mass of the PIB 
can vary considerably from batch to batch. Therefore, purity and reproducibility of the 
commercial PIBSA product would cause problems which would hinder any study 
aimed at characterising these systems and their physical properties under controlled
Chapter Three : Synthesis of Dispersants 45
laboratory conditions. Therefore the succinimides I used for this study were 
synthesised on a laboratory scale with pure reactants to minimise the distribution of 
products.
A range of model compounds was synthesised starting from the second step
i.e., the reaction of commercially available Cg-Cig succinic anhydrides with straight 
chain polyalkyl polyamines. Ethylenediamine (EDA), diethylenetriamine (DETA) and 
their propyl counterparts, PDA and DPT A, (Aldrich, all are >98% pure) were most 
frequently used as the polyalkyl polyamine in these reactions. However, one Gig 
compound was also made using tripropylenetetraamine (TPTA) as the polyalkyl 
polyamine headgroup. Only one succinimide was synthesised using TPTA due to the 
expense of this pure amine.
The general outline of the synthesis procedure for the model compounds is as 
follows. The required quantity of anhydride was placed in the reaction flask and the 
calculated amount of required amine was weighed into an equalising dropping funnel. 
The apparatus for the reaction was set up for controlled liquid addition, with 
atmospheric vacuum distillation and nitrogen purge. The anhydride was heated and 
stirred at 175°C and the amine was added dropwise to the reaction flask. The 
maximum rate of delivery was adjusted to control the vigour of the reaction, which is 
highly exothermic. After completing the amine addition the reaction flask was kept at 
the reaction temperature (175°C) for a further 3 hours. Then the flask was removed 
from the heat source and any remaining water was stripped from the reactor using 
vacuum suction.
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The resulting succinimide was allowed to cool to approximately 120®C, then 
decanted and allowed to cool to room temperature. This procedure had to be modified 
for the EDA compounds by lowering the initial reaction temperature to 115°C, to 
prevent the EDA ( b.p. 118-121°C) fi*om being distilled off prior to reaction. After 
addition of the amine the temperature was gradually increased to 170°C and maintained 
at this reaction temperature for a further 2-3 hours. Similarly for the propyl 
compounds the reaction temperature was maintained at 5-10°C below the boiling point 
of the amine.
By varying the mole ratio of the two reactants, the mono-, bis- and (where 
possible) tris- compounds were made. The matrix of compounds made is given in 
Table 3.1, noting that tris EDA and PDA compounds cannot be synthesised as there 
are only two possible reacting nitrogens available in these amines.
Table 3.1 Table summarising the model dispersants synthesised
Alkyl Chainlength EDA DETA DPA DPTA TPTA
8 m,b m,b,t m,b m,b
12 m,b m,b,t m,b m,b,t
18 m,b m,b,t m,b m,b,t b
However, in each of these syntheses side reactions may occur to varying 
degrees and a mixture of mono-, his- and possibly tris- products can result. Therefore, 
in the next chapter a discussion is made of a range of quantitative analytical techniques 
applied to the products of the reactions.
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The range of components present in commercial products will be reflected 
(although to a lesser extent) in these model compounds. Although the products are 
not completely pure, it should be noted that the effort required to purify the products 
further would have yielded only small amounts of product for investigation. Therefore, 
the tests that investigated their dispersancy capabilities (which require larger amounts 
of sample) could not have been carried out. Also it is possible to argue that all 
polydispersity should not be removed because this feature could be an important factor 
in governing the performance of the dispersants in the engine oil. Therefore, it would 
not be meaningful to cany out laboratory experiments on too pure compounds as their 
overall behaviour might be too far removed from those of the commercial systems.
3.4 Summary
In this chapter the synthesis procedure used to make the model dispersants has 
been described. During the course of this project, over 30 compounds were 
synthesised on a small laboratory scale (approx. 75-1 OOg of each compound). The 
compounds ranged in colour, from pale cream to deep orange/brown, and in 
consistency from liquids to waxy solids at room temperature. The characterisation of 
these compounds is described in chapter four.
Chapter Three : Synthesis of Dispersants 48
3.5 References
1. J.March, Advanced Organic Chemistry; Reactions,Mechanisms and Structure, 4th 
Edition, John Wiley and Sons, New York (1992) 794.
2. F.R.Benn, J.Dwyer and I.Chappell, Journal o f the Chemical Society; Perkin 
TransactionsII, (\911) 533
3. G.Tenner, R.B.Salem, C.EFyanov and E.M.Gonikberg, Journal o f the Chemical 
Society; Perkin Transactions II, (1989) 1671.
4. R.K.H111 and M.Rabinovitz, Journal o f the American Chemical Society, 86 (1964) 
965.
CHAPTER FOUR:
CHEMICAL AND
PHYSICAL
CHARACTERISATION
Chapter Four : Chemical and Physical Characterisation 50
4.1 Introduction
Having synthesised a range of model dispersant molecules it was important to 
characterise the products for their physical properties in solution and at surfaces and 
this is the subject of the present chapter. A range of spectroscopic techniques (UV, 
IR, and NMR) and elemental analysis were employed to first characterise the 
composition of these products. Then other techniques such as GPC, VPO, Langmuir 
trough and ellipsometry were used to determine more specific physical properties of 
the molecules.
4.2 Elemental analysis
The model compounds were analysed for carbon, nitrogen and hydrogen 
content using a Leeman Labs CE440 Elemental Analyser. The experimental and 
theoretical results, assuming the molecular structures given in Fig. 4.1, are shown in 
Table 4.1
H
" f
H H
H
„ - i + è
H
C = C -C
H - iH
H -C
H
•i- mnA -
Fig. 4.1 A general mono -succinimide
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H H H H -
Fig. 4.2 A general bis -succinimide
H H H H -C
V
H—(y—H 
H - C - H
H H H H H H H
H H H
Fig. 4.3 A tris -TPTA succinimide
Key to Figs. 4.1-4.3.
n=4 for C8 succinimides, n=8 for C12 succinimides and n=14 for cl8 succinimides. m=l for ethyl 
compounds and m=2 for propyl compounds. 1=1 for EDA/PDA compounds, 1=2 for DETA/DPTA 
compounds and 1=3 for TPTA compounds
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Table 4.1 Theoretical and ejq>erimental C, N and H contents of the model succinimides.
COMPOUND (RMM) EXPERIMENTAL 
%N %C
RESULTS
%H
THEORETICAL RESULTS 
%N %C %H
moMO-CgEDA (252) 10.02 67.11 9.87 11.11 66.67 9.52
Tworto-C^EDA (308) 6.88 72.88 10.44 9.09 70.13 10.39
/wo/îo-CigEDA (392) 5.03 75.39 11.16 7.14 73.47 11.22
wo«o-CgDETA (295) 13.32 61.42 10.05 14.24 65.08 9.83
/MOMO-CnDETA (351) 10.03 70.93 10.64 11.97 68.38 10.54
wowo-CigDETA (435) 7.75 72.92 11.23 9.66 71.72 11.26
ôw-CgEDA (444) 6.08 69.26 9.39 6.31 70.27 9.01
ôw-Ci2EDA(556) 4.94 73.03 10.69 5.04 73.38 10.07
6M-CigEDA(725) 2.68 74.60 11.19 3.86 76.14 11.03
bis-CsDETA (487) 8.80 68.43 9.74 8.62 68.99 9.24
6w-Ci2DETA(600) 7.26 71.30 10.21 7.00 72.00 10.17
ôw-CigDETA (768) 5.57 75.02 11.30 5.47 75.00 11.07
^m-CgDETA (681) 6.36 68.79 9.51 6.17 70.48 9.25
tm -Ci2DETA (849) 4.91 72.29 10.71 4.95 73.50 10.25
/m -CigDETA(llO l) 3.69 74.55 11.16 3.80 76.29 11.08
mono-CsVDA (266) 9.30 70.59 9.99 10.53 67.67 9.77
wo«o-Ci2PDA (322) 8.65 72.04 11.11 8.70 70.81 10.56
TMOMO-CigPDA (406) 6.58 74.80 11.90 6.90 73.89 11.33
wo«o-CgDPTA (323) 12.35 64.65 10.60 13.00 66.87 10.22
7wo«o-Ci2DPTA (379) 10.52 69.62 11.47 11.08 69.66 10.82
/wo«o-CigDPTA (463) 9.08 70.77 11.98 9.07 72.57 11.45
6w-CgPDA (458) 6.05 69.30 9.65 6.11 70.74 9.17
6M-C12PDA (570) 4.64 73.26 10.78 4.91 73.68 10.18
èw-CigPDA (738) 3.75 76.20 11.85 3.79 76.42 11.11
6w-CgDPTA(515) 8.00 69.15 10.00 8.16 69.90 8.15
bw-Ci2DPTA (627) 6.37 72.55 10.93 6.70 72.72 10.37
0/5-CigDPTA(795) 5.51 75.01 11.95 5.28 75.47 11.19
tm-Ci2DPTA (877) 4.61 72.40 10.78 4.79 73.89 10.38
/m-CigDPTA(1129) 3.62 75.53 11.89 3.72 76.53 11.25
6/5-CigTPTA (852) 6.99 74.62 11.89 6.57 74.65 11.27
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Generally there was good agreement between the CHN analysis and the 
theoretical compositions, however the nitrogen levels were lower than expected in a 
few instances; these exceptions involve the lower boiling amines, suggesting that 
partial evaporation of the amine had taken place and there was some unreacted 
anhydride in the final product.
4.3 Spectroscopic techniques
4.3.1 Ultraviolet/visible (UVAqS) spectroscopy
Ultraviolet/visible spectroscopy has two general roles in chemical analysis. The 
first role is for identification of certain functionalities within a compound, and the 
second role is for determining its concentration. The UVA^^S was used in both these 
capacities in this work. In this chapter the first role was employed and the second is 
discussed in chapter five.
The model compounds were made up as 0.025M solutions in 2,2,4-trimethyl 
pentane (UV cut-off205nm) and subjected to UVATIS analysis using a Philips PU8720 
UVAqS scanning spectrophotometer. Before analysing the samples the pure solvent 
2,2,4-trimethyl pentane (i.e., containing no sample) was run through the spectrometer 
and the resulting spectrum was recorded and stored by the instrument as the baseline. 
This ensured that any solvent peaks would automatically be subtracted fi’om each of 
the subsequent sample spectra. In addition, the pure solvent 2,2,4-trimethyl pentane
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was run during the course of sample analysis to ensure there was no baseline drift. 
The spectra for the compounds were all very similar. Some illustrative examples are 
given in Fig. 4.4.
C D
toCS
e
Fig. 4.4 Representative UV spectra
As can be seen from Fig. 4.4 the main spectral features occur in the UV at 
approx. 210  nm for each compound. These are associated with the energy transitions 
of the >C=C< double bond. Since all the compounds contain this dominant 
functionality the spectra were quite insensitive to changes in the structure of the 
different succinimides, such as addition of more alkyl chain moieties. Therefore, in
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contrast to the case for other oil additives, such as overbased detergents [1], UV 
appears not to be a very useful diagnostic tool for distinguishing between the different 
types of succinimides. However, the second role for UV/VIS analysis did provide a 
useful way of determining relative concentrations and this was extensively used in 
powder adsorption studies reported in chapter five.
4.3.2 Infrared (IR) analysis
The infrared region of the electromagnetic spectrum is identified with the 
absorption due to vibrational transitions within a molecule, e.g., stretching, bending, 
rotating, and twisting motions of atoms in a molecule with respect to one another. The 
infrared region extends in fi*equency fi’om approximately 20 to 14000 wavenumbers 
(cm‘^ ). (The wavenumber, v , is the reciprocal of the wavelength expressed in cm). 
The range most fi’equently used in infi’ared spectroscopy is in the mid-infi'ared region 
which covers fi’equencies between 200 and 4000 cm*^  which is where vibrations from 
organic molecules usually occur. The vibrational modes absorb energy fi*om the 
incident beam at the natural frequencies of the vibrational modes of the molecule.
The IR spectra of the model succinimides were obtained using a Perkin Elmer 
2000 FTIR spectrometer. Some representative spectra are shown in Fig. 4.5 for 
mono-, bis- and /rw-CigDETAs. The spectra for all the model compounds had similar 
adsorption bands, with a characteristic v(C=0) stretch at 1700cm"\ The v(C-H) 
stretches from the CH3 group were seen as veiy strong bands at 2855cm'^ (symmetric) 
and 2929cm'^ (asymmetric). The associated deformation frequency ô(CHs) was seen
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around 1400-1450cm'\ Weak rocking bands associated with the >CH2-CH2< chain 
were seen around 800-900cm'\ The v'(C-C) stretch was seen around 1120-1200cm'^ 
and y (C=C) stretch was seen around 1640-1680cm'\ However, the spectra of the 
mono- compounds were distinguished from the bis- and ^râ-succinimides by the 
presence of primary amine bands at 3415cm'  ^ (in plane asymmetric stretching), 
3300cm'  ^( symmetric stretching), and 1550-1620 cm'  ^(bending).
140 T
 mono
 bis
 tris120  - -
100
80 -
40 -
o o o o o o o
CM CO 00  O  CN ■q-
O  C3> CO CO CO
Wavenuinber(cin-1)
Fig. 4.5 Representative IR spectra of CigDETAs
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4.3.3 Nuclear magnetic resonance (NMR)
In this study, NMR has been used to provide the means of identifying the 
different hydrogen environments within the succinimides. Proton NMR was carried 
out using a Bruker AC-300E Pulse Fourier Transform NMR spectrometer operating at 
300MHz. Approximately 1-1 Omg of each sample was dissolved in deuterated 
chloroform containing a few drops of tetramethylsilane as the internal reference 
material.
By comparing the spectra with reference spectra [Sadtlers NMR Index], some 
of the peaks were assigned. However, some of the hydrogens gave complicated 
splitting patterns in the region between 2 .2 -2.8 ppm because of the many slightly 
different hydrogen environments. The technique was found to be sensitive enough to 
distinguish small differences in structure between the various succinimides. For 
example, the NHz group of the /wowo-CnDETA was apparent as a broad peak at 
3.2ppm which was absent in the corresponding bis- compound, see Fig. 4.6 The NH 
resonance is present at 3.6ppm. Although, this may not be a reliable way of 
distinguishing between mono- and ô/5-compounds as it is possible that proton 
exchange between the NH and NHz groups may result in poor definition of the signal.
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Fig. 4.6 NMR spectra showing the differences between mono- and bis- succinimides.
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4.4 Physical characterisation
4.4,1 Gel permeation chromatography (GPC)
GPC was used to obtain the approximate molar mass distribution of the 
succinimides. The technique is also known as size exclusion chromatography as 
separation is accomplished on a column packed with a highly porous material that 
separates high molecular weight compounds according to size, a process referred to as 
molecular sieving. Small molecules are able to diffuse into the pores of the column 
packing more efficiently, and so take longer to travel through the column. Higher 
molecular weight fi-actions are therefore eluted first. Column packing materials 
commonly consist of fine semi-rigid beads of polystyrene crosslinked with 
divinylbenzene and swollen with solvent or rigid porous beads of glass or silica. A 
schematic diagram of the GPC apparatus is seen in Fig. 4.7.
To obtain molar masses at a given retention volume, the chromatogram is 
compared with that of a reference material of known average molecular weight in the 
same solvent at the same temperature. Polystyrene was used as the reference material 
in the analysis of the model compounds. Polystyrene is commonly used as a reference 
as it has a polydispersity index close to unity and is available over a range of molar 
masses. However, when dealing with samples vastly different in structure and 
chemical composition from the polystyrene standard, the molecular weights obtained 
are prone to some uncertainty.
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Fig. 4.7 A schematic diagram of a GPC.
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The model compounds were dissolved in tetrahydrofuran (THF) and run 
against a polystyrene standard (except CgmDETA as this was the only compound 
insoluble in THF and therefore could not be analysed using GPC). Some 
representative GPC spectra are shown in Figs. 4.8 to 4.10
wowo-CigEDA
4 0 0 . 0 0 —
3 0 0 . 0 0 —
200 . 00—
100 . 00—
0.00 10.00 20.00 3 0 . 0 0 4 0 . 0 0
Minutes
è/5-CigEDA
3 0 0 . 0 0 —
> 200 . 00—
100 . 00—
0.00 10.00 20.00 3 0 . 0 0 4 0 . 0 0
Fig. 4.8 GPC spectra of C g^EDA succinimides
Chapter Four : Chemical and Physical Characterisation 61
wowo-CigDETA
1 4 0 . 0 0 —
> 120. 00—
100 . 00—
6 0 . 0 0  —
0.00 10.00 20.00 3 0 . 0 0 4 0 . 0 0
Wj-CjgDETA
3 0 0 .0 0 —
200 . 00—
100 . 00—
0.00 10.00 20.00 ' 4 0 . 0 03 0 . 0 0
Minutes
tris-Ci^'DETA
3 0 0 . 0 0 —
1 0 0 . 00—
0.00
0.00 10 .00 4 0 . 0 020 .00 3 0 . 0 0
Minutes
Fig. 4.9 GPC spectra of C^gDETA succinimides
Chapter Four : Chemical and Physical Characterisation 62
. 3 0 0 . 0 0 —
2 5 0 . 0 0 —
200. 00—
150.00-:
100. 00—
5 0 . 0 0  —
0.00 10 .00 20 .00 3 0 . 0 0 4 0 . 0 0
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Fig. 4.10 GPC spectra of C12 succinimides
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As the chromatogram was calibrated for a polystyrene reference material, the 
molar masses obtained have some uncertainty but still give a clear indication of the 
product distribution from each reaction. In the chromatograms of Figs. 4.8-4.10 it can 
be seen that some of the reactions resulted in a mixture of compounds, which increased 
in the order, mono-:bis-:tris- and Ci2->Ci8. This is because as the mole ratio of 
anhydride to amine increased the amount of unreacted anhydride in the final mixture 
increased due to the decreasing reactivity of the second and third amine sites (the more 
highly substituted nitrogens are less reactive). The middle nitrogen in the amine 
headgroup is particularly unreactive making it very difiBcult to form a pure tris- 
compound. The DETA products were also found to be purer than the corresponding 
EDA examples. This could be due to the fact that EDA has a lower boiling point than 
DETA and so there was an increased tendency for more of the EDA compound to be 
distilled off before it was able to react fully with the anhydride. The purest products 
were the /wowo-CnDETA and Ô/5-C12DETA. It is not easy to separate the various 
products post-synthesis as the compounds are chemically rather similar, and the results 
presented below labelled as mono-, bis- or tris- are probably to some extent product 
mixtures.
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4.4.2 Gas chromatography-mass spectroscopy (GC-MS)
The separation and detection of a mixture of organic components can be 
achieved by Gas Chromatography (GO). However, only limited characterisation of the 
components is possible from the retention times. Therefore, GC is often associated 
with other techniques such as MS to provide more information on structural 
identification. A schematic diagram of a GC-MS can be seen in Fig. 4.11.
Sample
inlet
Pressure
regulator
Pressure
gauge
Carrier 
gas supply Thermostatted
chamber■
Recorder
Mass
Spectrometer
Flow meters Capillary
column
Fig. 4.11 A schematic diagram of a GC-MS
Samples were submitted to the EPSRC MS service at University College 
Swansea and a typical resulting spectiWs given in Fig. 4.11. However, this was found
Chapter Four ; Chemical and Physical Characterisation 65
not to be a useful technique as the molecules fragmented too much in the Mass 
Spectrometer.
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Fig. 4.12 A typical GC-MS spectra of samples of model succinimides submitted to the mass 
spectrometry service at University College Swansea.
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4.4.3 Vapour pressure osmometry (VPO)
Vapour pressure osmometry (VPO) was used to obtain the effective molecular 
mass of the synthesised compounds in solution. The technique is based on measuring 
the lowering of the vapour pressure of a solvent by a solute [3]. The experimental 
apparatus (Gonotec Osmomat 070/090-SA) consisted of two thermal probes, a 
reference probe and a sample probe, contained in an air-tight cell which was saturated 
with solvent vapour (see Fig. 4.12).
Electronic thermometer
Syringe for 
dropping solvent'
Syringe for dropping 
'sam ple solution
Measuring probe 
for solvent
Measuring probe for 
sample solution
Viewing window
-Vapour wicks
‘Solvent
Fig. 4.12 Schematic diagram of a vapour pressure osmometer.
As the solute reduces the vapour pressure of the solvent, to maintain constant 
vapour pressure in the osmometer, solvent must be transferred toward the solution by 
condensation. The solvent condensation causes a rise in temperature of the junction 
containing the solution. This difference in temperature is proportional to the difference
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in the electrical resistance, AR, between the two thermal probes which induces an 
electrical output that is detected and converted into a VPO reading.
Drops of pure solvent were dispensed onto the reference probe so that one 
drop was left hanging on the tip of the probe. Pure solvent was first dropped onto the 
sample probe, in the same manner, until a steady baseline reading was observed. 
Solutions of the compounds at varying concentrations (0.005 to 0.0IM) were then 
dispensed in turn onto the sample probe. The solvents used were acetone and toluene, 
although most of the experiments were carried out in toluene as the CigDETAs and 
CgDETAs were insoluble in acetone. Molar masses were determined with respect to a 
pure benzil standard which is known not to associate in these solvents. Plots of VPO 
reading vs. concentration (mol/dm^) were obtained for the standard and compared with 
plots of VPO reading vs. concentration (g/dm^) for the samples to obtain the molar 
masses of the samples (g/mol). Table 4.2 shows the effective molar mass of the 
compounds determined by this technique. For comparison the effective molar masses 
of some of the original succinic anhydrides were also determined since they were 
expected to show little association (see Table 4.2). The aggregation number, Ua, is 
defined as the ratio of the determined molar mass in solution divided by the theoretical 
molar mass.
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Table 4.2 Summaiy of the effective moW masses of succinimide dispersants obtained using VPO. 
The temperature was 40®C. Key: MM is molar mass and SA is succinic anhydride.
Compound Solvent MM(Theoiy) 
lO'^ kg mol'^
MM(Expt.) 
lO'^ kg mol'^
Aggregation
Number,nA
CgSA acetone 210 194 0.9
C1 2SA acetone 266 250 0.9
CigSA acetone 350 401 1.1
CgSA toluene 210 169 0.8
C1 2 SA toluene 266 208 0.8
CisSA toluene 350 369 1.1
mowo-Cigeda toluene 392 803 2.0
TMOMo-Cndeta acetone 351 1135 3.2
morto-Cudeta toluene 351 720 2.1
wowo-Cigdeta toluene 435 1254 2.9
Z>/5-Ci8eda toluene 724 1252 1.7
/>/5-Ci2deta ■ acetone 599 562 0.9
6/f-Ci2deta toluene 599 810 1.4
^w-Cigdeta toluene 767 878 1.1
rm-Cigdeta toluene 1101 1433 1.3
/wo«o-Cgpda toluene 266 371 1.4
/wo/2o-Ci2pda toluene 322 685 2.1
mowo-Cigpda toluene 406 373 0.9
wowo-Cigdpta toluene 462 1373 3.0
Z>/5-Cgpda toluene 458 572 1.2
6fj-Ci2pda toluene 570 519 0.9
/^5-Cigpda toluene 738 1023 1.4
^w-Cgdpta toluene 515 760 1.5
6/f-Cigdpta toluene 795 736 0.9
6/j-Cigtpta toluene 852 915 1.1
rm-Cndpta toluene 877 753 0.9
rm-Cigdpta toluene 1129 1497 1.3
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The trends in the effective molar masses can be seen in Fig. 4.13 (estimated statistical 
uncertainties are up to 20%).
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Fig. 4.13 Histogram comparing clustering effects of model dispersants in toluene and acetone
Except for mono-CisPDA the mono compounds studied have molecular 
masses typically two or three times that of the theoretical value, indicating that these 
molecules form small clusters in solution with an aggregation number of -2-3. The 
his- and tris- compounds showed significantly less or no clustering in these solvents. 
There was no significant difference in association trends between the ethyl and propyl 
amines, indicating that association is mainly determined by the number of free nitrogen 
atoms in the head group and not so much on the separation between the nitrogens. 
The weak association of these molecules in organic solvents is not unexpected as, for 
example, ethanoic acid is known to dimerise under similar conditions [4]. These
Chapter Four : Chemical and Physical Characterisation 70
results are not unexpected as the phenomenon of micellisation is only really 
pronounced in hydrogen bonded solvents such as water where there is a strong 
thermodynamic driving force for the monomers to form micelles to minimise the 
entropy reduction associated with water-ordering around these molecules.
4.4.4 Langmuir trough
The Langmuir trough was used to determine the cross-sectional area and 
interactions between the molecules adsorbed on a water surface. As the dispersant 
molecules perform their function at the interface between solid and liquid, it is 
important to discover how these molecules arrange on a surface. The cross sectional 
areas and interaction forces were determined using this method. Although the surface 
of the Langmuir trough is water, and not a solid, the polarity of the two should show 
some similarities. Therefore, some meaningful correlations with the arrangement of 
the molecules at the solid substrate should be possible from such a study.
The trough is arranged to contain and manoeuvre insoluble films contained 
between two floating barriers (one fixed and one movable) with enclosed surface area, 
A. The surface pressure, II, is measured where II=F/L is the force per unit length 
acting on the movable barrier by the horizontal pressure exerted on a floating boom 
that is attached to a torsional balance. This pressure is equal to the difference in 
surface tension between the two sides of the barrier, i.e., II = yo-y, where yo is the 
surface tension of the pure solvent and y is the surface tension of the water surface 
with adsorbed molecules in the confined region.
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The film must be contained entirely within the barrier and the float without any 
leakage. Therefore the trough walls, the barriers and the floating boom are made out 
of hydrophobic materials (PTFE) and the liquid level must be slightly above the brim of 
the trough. A schematic diagram of the trough is given in Fig. 4.14.
^COMPRESSION
To torsional 
balance
Dispersant molecules
'Hydrophobic
tails
Movable
barrier
m i
Fixed Barrier
Water Subphase
Float
Polar head group
Fig. 4.14 Schematic diagram of Langmuir trough apparatus
The instrument used was a Lauda FW2 Langmuir Filmwaage, the sub-phase 
consisted of water which was purified using a Milli-Q purifier. The apparatus 
temperature was adjusted to be typically 22°C. The water sub-phase was swept 
several times with the movable barrier. Any surface contaminants were removed with 
a capillaiy tube attached to a vacuum valve prior to application of the solution of 
interest.
Solutions of known concentrations of the dispersants were made up in AR 
grade toluene, the spreading solvent. A small volume of sample, typically 2xl0‘^ dm^ , 
was applied to the sub-phase and left for two minutes with the extractor fan turned on
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to ensure all the solvent had evaporated, leaving an insoluble film of sample molecules 
on the surface of the sub-phase. The fan was then turned off and the hydrophobic 
movable barrier was slowly swept across the surface of the sub-phase. This action 
confined the film of sample molecules into increasingly smaller known areas, until a 
close packed mono-layer of sample molecules was formed. The mono-layer 
subsequently “collapsed” with further confinement presumably due to multi-layer 
formation.
A plot of the surface area available to the sample (the geometrical area of the 
enclosed surface) against the corresponding surface pressure, II was made on an X-Y 
recorder. On knowing the concentration and amount of solvent applied (i.e. moles of 
sample on the sub-phase) the surface area can be converted into the more informative 
cross sectional area per molecule, A„. Plots of II vs. Am were constructed for each 
succinimide. Representative plots of three /wowo-substituted DETAs of different chain 
length, and mono-, bis-, and tris-Cn DETAs are shown in Figs. 4.15 to 4.16 to 
illustrate the effects of chain length and level of substitution of the polyamine 
respectively
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Fig. 4.16 n  VS. A plots for a series of mono,- bis -and Ms -CigDETAs
The IÏ-A curves show a number of interesting features that correlate well with 
expectations based on the assumed molecular architecture. A horizontal plateau
Chapter Four : Chemical and Physical Characterisation 74
appears increasingly for the shorter alkyl chain (Fig. 4.15) and the more substituted 
(i.e. his- and tris-) molecules (Fig. 4.16). In the other extreme, the mono-Cn 
molecules give a monotonically increasing II with decreasing Am typical of a classical 
single chain amphiphile such as stearic acid. No plateau is evident for the mono- 
substituted Cis molecules. One interpretation of these Il-A curves is that the 
compression of the long alkyl chain mono substituted compounds is dominated by the 
interaction between the chains, whereas the emphasis is shifted from the two- 
dimensional ordering of the chains to the ordering of the head group (polyamine and 
succinate moieties) in the Cg or more substituted molecules. Therefore, the more 
distinguishable plateau is a reflection of the headgroup’s scope for efficient packing 
under pressure. The plateau is also reminiscent of two phase coexistence observed in 
equations of state, and could be a manifestation of a coexistence between randomly 
packed and more efiBciently packed 2D liquid-like structures formed out of the 
headgroup regions. As non-ionic surfactants, these molecules are quite unusual in 
being “bent” where the tail and headgroup join and therefore it is not unexpected that 
states of varyingly efiBcient packing should appear as the cross-sectional area per 
molecule is decreased.
The “knee” in the II-A curve (where the steadily increasing II region becomes 
a plateau) is assumed to correspond with the area at which the molecule headgroups 
are highly compressed and therefore their is a strong overlap between the stabilising 
shells causing the molecules to form a two-dimensional layer in the surface plane. The 
pressure at this point is referred to as the critical surface pressure, lie The area 
occupied by the molecules at this point. A h, is the close-packed area (i.e., where the
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molecules form a close-packed mono-layer). It is possible to estimate the area per 
molecule from this data by drawing two tangents at either side of the knee and 
extrapolating the point at which the tangents intersect (the intersection point) to zero 
pressure, shown in Fig. 4.17.
‘KneeV Intersection
pant
Tangent 2
Tangent 1
Surface pressure
Cross-sectional area 
(A/molecule)
Fig. 4.17 Diagram showing the “knee” in a II-A curve
Although there is clearly an element of subjectivity in estimating the area 
occupied by the headgroup, for consistency this method of estimation of the headgroup 
area was made for all the compounds measured on the Langmuir trough and the results 
of this analysis are shown in Table 4.3.
A matrix was considered of compounds that independently varied the spacing 
(i.e., number of carbons) between the nitrogen atoms in the amine and also the level of
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succinimide substitution. Therefore, it should be possible now to relate the headgroup 
architecture to the effective surface area occupied on the water surface. A number of 
trends can be seen from Table 4.3. The surface area per molecule increases for all 
chain lengths through the sequence mono- to his- to tris-. For example, for the 
CigDETA compounds, the areas are 56, 83 and 122 respectively. This correlates 
well with the number of succinate groups rather than the amine part alone (otherwise 
the mono- and his- compounds would have approximately the same surface area), 
suggesting that the succinate groups sit more or less parallel on the surface of the 
water and they are therefore important in determining the surface area occupied by the 
headgroup.
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Table 4.3 Cross-sectional areas of dispersant molecules obtained by Langmuir trough measurements. 
(Estimated statistical uncertainties are up to 10%)
Ethyl Compound Area(lO’^ W ) Temp.“C Propyl Compound Area(lO'^W) Temp“C
CgmEDA NS - CgmPDA 20.1 28.8
CgmPDA 33.4 24.0
C^mEDA 44.4 17.1 CizmPDA 24.5 28.8
CgmPDA 25.5 24.2
CigOiEDA 52.1 17.7 CigmPDA 64.9 28.9
CigmPDA 69.1 27.6
CigmPDA 58.1 23.8
CsmDETA 32.3 19.1 CsmDPTA NS -
CizmDETA 59.6 16.4 CjzmDPTA 57.9 29.0
CigmDETA 56.2 16.2 CigmDPTA 77.0 29.3
CgbEDA 86.9 26.5 CgbPDA 75.9 29.4
CsbEDA 84.3 27.7
CubEDA 81.2 18.2 CjzbPDA 83.1 29.6
CigbEDA 92.3 18.4 CigbPDA 90.7 29.7
CgbDETA 96.1 26.6 CsbDPTA 40.5 29.9
CizbDETA 76.5 17.9 CnbDPTA 93.1 25.8
CisbDETA 82.7 18.0 CisbDPTA 113.4 26.0
CigbDPTA 126.3 27.7
CgtDETA 147.1 26.8
CiztDETA 142.0 26.9 CiztDPTA 134.8 26.2
CjztDETA 137.5 27.8
CistDETA 121.8 18.9 CistDPTA 138.5 26.4
CisbTPTA 117.9 28.5
CigbTPTA 128.1 27.9
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The area occupied by the /wowo-CsDETA molecules was significantly less than 
the /WOW0-C12DETA or the /wowo-CigDETA molecules indicating that for the mono 
compounds the Cg alkyl chains are more rigid and pack together more efficiently than 
the somewhat more flexible C12 and Gig chains, which are able to tilt over to a greater 
extent and therefore occupy a greater area. It was found in earlier molecular modelling 
work that Cg chains are rigid, whereas the longer alkyl chains progressively generate 
gauche defects; so this experimental behaviour is consistent with the modelling work 
[1][2]. Another aspect of the difference between the Cg and higher alkyl chains, is 
brought out in the pseudo-static dilational modulus, G=-dII/dlnAm vs. InAm. The lower 
the value of s then the more compressible the molecules are. The derivative plots 
shown in Fig. 4.18 indicate that for the /wowo-DETA, their compressibility (o c  e’^ ) 
increased in the order Cg >Ci2 >Cig over most of the Il-A curve. This would be 
expected since when the molecules occupy a relatively large area their conformation is 
like that at low concentrations, i.e., they lie flatter along the surface. Therefore, as the 
area available to the molecules is reduced the molecules with longer chainlengths begin 
to interact at larger areas per molecule shown by a corresponding increase in surface 
pressure at a specific surface coverage when compared with their short chain 
analogues. Therefore, they start to become less compressible at these values of Am 
than the shorter chain homologues.
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Fig. 4.18 A plot of the computed dilational modulus for a series of mono DETA compounds 
to illustrate the effect of chain length.
Table 4.3 reveals that the areas per molecule for the bis- and tris- compounds 
are insensitive to the chain length, indicating that for these molecules the surface area 
per molecule is dominated by the headgroup region, rather than the compressibility of 
the tails (as in the mono- case). This suggests that the hydrocarbon tails in the bis- and 
tris- molecules interact to a lesser extent than in the /wowo-cases because of the 
additional free space provided by the spacious headgroups (this observation is 
supported by ellipsometiic measurements discussed later). For the bis- and tris- 
compounds the surface area of the ethylamine and propylamine compounds are 
statistically the same, which is perhaps not unexpected as the extra methylene groups 
only increase the volume of the headgroups by a relatively small amount.
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The /wowo-compounds show the most complicated trends, the areas of which 
are quite sensitive to chain length and temperature. It appears that the surface state of 
the Twowo-compounds is a delicate balance between several competing factors, whereas 
in the more highly substituted polyamines the headgroup region tends to dominate the 
surface occupied per molecule. The behaviour of the chain and its length are less 
important factors in these more substituted molecules.
4.4.5 Reflection ellipsometry
To complement the cross-sectional area measurements made on the Langmuir 
trough, film thickness measurements were carried out using reflection ellipsometry. 
Ellipsometry is the measurement of the «tate of polarisation of light after interaction 
with an “optical system”. In reflection ellipsometry the light wave is reflected at the 
interface between two dissimilar media which causes the abrupt change in the state of 
polarisation of this wave, due to the difference in the Fresnel reflection or transmission 
coefiBcients for the two linear polarisations parallel and perpendicular to the plane of 
incidence. Reflection ellipsometry is increasingly becoming an important tool in the 
study of surfaces and thin films and is often used to obtain film thicknesses. A 
schematic diagram of the experimental apparatus is shown in Fig. 4.19.
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Fig. 4.19 A schematic diagram of a reflection ellipsometer
The ellipsometric (oblique incidence reflection) measurements were carried out 
using a Plasmos SD2000 ellipsometer to measure the layer thicknesses, h The 
technique involves irradiating the succinimide films with polarised light at an angle of 
incidence (in this case 70°) with respect to the vertical and determining the reflection 
coefiBcients by the measurement of two angles \|/ and Ô. The angle vp is the inverse of 
the ratio of the magnitudes of the total reflection coefficients, and Ô is the change in the 
phase difference that occurs upon reflection. These are related to the refractive index 
of the film, n and its thickness, h [11]. The thicknesses of the films were obtained by 
assuming the value of n to be 1.45 (which is typical for organic molecules).
Thin mono-layer films of the succinimide samples were prepared using the 
Langmuir Bloggett (LB) deposition method shown in Fig. 4.20.
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Fig. 4.20 Langmuir Blodgett deposition method for multi-layer films
Although one or two of the Cg and Cn compounds formed mono-layers, 
generally the majority were incapable of depositing on the solid silicon wafer substrate.
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In contrast, the Cig compounds all formed uniform mono-layer films. Fig. 4.21 
compares the film thicknesses obtained experimentally with theoretical values 
(obtained by assuming that the headgroups lie flat along the surface of the wafer with 
the alkyl chains upright perpendicular to the surface).
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Fig. 4.21 Comparison between experimentally measured film thicknesses and those calculated from 
the molecular formula assuming a vertical packing of the chains.
The agreement is generally quite good. Fig 4.21 shows that the mono-layer 
thicknesses increase roughly in proportion to the length of the stretched out chain. 
However, it can be seen that for some of the compounds the thicknesses were around
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25% less than the theoretical values, indicating that either some tilting of the chains 
could have occurred [5] or that the assumed refractive index was too large. 
Conversely, some of the EDA, PDA and ri'w-compounds formed mono-layers that 
were much thicker than expected. This may be due to impurities which interfered with 
film formation. As mentioned in chapter three, the low boiling points of 
ethylenediamine (EDA) and propylenediamine (PDA) and the decreased reactivity of 
the secondary amines are likely to have produced EDA, PDA and ^/5-compounds with 
some impurities.
Y-Type (i.e., head to head, tail to tail) LB multi-layer films were prepared by 
depositing odd numbers of layers (1,3,5... 15) of the samples onto silicon wafers in a 
step wise fashion (as shown in Fig. 4.22).
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Dispersant tail 
groups
Fig. 4.22 Y-Type multi-layer film
It was found that only the Cis compounds could form multi-layer structures. 
Presumably this is because the alkyl chains of the Gig compounds can form statistically 
flatter surfaces for subsequent deposition. The average mono-layer thicknesses for the
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varying numbers of layers can be seen in Table 4.4. The average layer thicknesses 
obtained from the multi-layer structures were generally consistent with those obtained 
from the mono-layer films.
3D graphs have also been produced showing the increment in layer thickness as 
the number of layers increased and the quality of coverage of the wafer. With the 
exception of the EDA compounds, the Ci« compounds produced excellent uniformly 
deposited multi-layered structures, an example of which is shown in Fig. 4.23.
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Fig. 4.23 An example of the multi-layer surface coverage of /jw-CigDETA
As mentioned earlier, both the Cig EDA compounds made very poor multi­
layer films (see Fig. 4.24). The mono-YDA compound did not show the expected 
height increments as the number of layers increased, and the è/5-EDA compound
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formed a multi-layer film that had patchy coverage. This could also be due to the 
presence of impurities which inhibited good film formation. However, another possible 
cause is that the EDA compound does not have enough nitrogen atoms to form 
cohesive layers on the substrate. It was also noted that the consistency of the mono- 
and è/5-DPTA multi-layer films seemed to degrade in the last few layers, indicating 
that films of these dispersants become progressively more unstable after c.a. 11-13 
layers.
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Fig. 4.24 An example of the multi-layer surface coverage of ô/^-CigEDA
In summary, the trends in the film thicknesses, h , depend on chain length and 
chemical nature of the headgroup, which is consistent with the observations made from 
the Langmuir film experiments. As the headgroup gets smaller the tails of 
neighbouring molecules can get closer to each other. The van der Waals attractions
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between the chains induce them to pack in a more perpendicular fashion, with respect 
to the surface. An example of this can be seen in Fig. 4.25 which shows a range of bis- 
succinimides with varying headgroup sizes. Of the four molecules considered in the 
figure, the è/5-PDA stands apart as it has a significantly smaller headgroup and 
consequently the layer thickness is greater than for the other three compounds at the 
same level of substitution and chain length (i.e., Cig Z>w-DETA, DPTA and TPTA 
compounds). The effect becomes less pronounced for the very large headgroups, as 
can be seen by the similar height versus layer number profiles for the 6/j-DPTA and 
Ô75-TPTA compounds, the latter having a headgroup around 30% longer.
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Fig. 4.25 Film thicknesses for a range of CIS bis -compounds with different headgroups.
A similar effect is apparent in a series of molecules in which only the level of 
substitution is varied. In Fig. 4.26 the /rw-CigDETA is seen to have a greater 
thickness than the bis-, which in turn has a greater thickness than the /wowo-deiivative.
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This indicates that the more chains that are attached to the polyamine the greater the 
number of chains in a given area. This causes the chains to become more vertical as a 
result of the lack of space they have to occupy.
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Fig. 4.26 Film thicknesses for a range of CIS DETA compounds with different levels of substitution.
4.4.6 Structure-property correlations
A motivation for working with the present set of model dispersants has been to 
relate structural and chemical aspects of the dispersant molecule to the phenomenon of 
dispersancy itself. This idea of structure-property correlation is well established in the 
pharmaceutical industry. One property of a molecule that has been found to correlate 
with the drug performance is the hydrophobicity of the molecule.
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Since the early work carried out by Fujita, Junkichi and Hansch the logarithm 
o f  T-octanol-to-water" partition coefficients, log P, has become a recognised method 
for predicting the “hydrophobicity” (lipophilicity) of organic compounds [5]. Log P 
can be measured experimentally, and now with extensive correlation with experimental 
data, it can also be computed from the chemical composition of the molecule to a good 
level of certainty.
In the experimental procedure, the compound of interest is dissolved in 10ml of 
demineralised water which has been saturated with 1- octanol in concentrations in the
range fi-om tens to hundreds of mg 1"1. The solution is shaken with 10ml of water- 
saturated 1-octanol for 1 hour. The mixture is centrifuged and the concentrations of 
the test substances are analysed by UVA^S spectrometry or HPLC. The log P is 
calculated fi-om the equation: log P = Co/C ,^ where Co is the concentration of the 
solute in the octanol fiaction and Cw is the concentration of the solute in the water 
fiaction. As the model succinimides were completely insoluble in water, calculations 
of the log P values were unable to be determined experimentally. Nevertheless, these 
values can be calculated with some confidence fiom the chemical composition of each 
dispersant molecule.
To date there are three main computational methods that have been developed 
to calculate log P. The first method, BLOGP, is based on overall molecular properties 
derived fiom a molecular orbital calculation. The second method, CLOGP, uses 
fragmental lipophilicity constants with correction factors and treats log P as an 
additive-constitutive property. The third method, ALOGP, is based on an additivity 
scheme of atomic lipophilicity constants with the constitutive factor governed by an
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elaborate list of atom types. However, none of these methods takes into account 
conformational flexibility or intramolecular hydrogen bonding, which can cause some 
differences between observation and prediction.
An assessment of these methods was made by Viswanadhan, Reddy, Bacquet 
and Erion which also includes a more detailed account of the procedures used [7J. The 
conclusions that Viswanadhan et al came to after assessment of each of the 
computational models was that, for the compounds they investigated, the ALOGP 
method was better than the other computational methods. With this in mind it was 
decided to compute the hydrophobicity of the model dispersant compounds using the 
ALOGP computational method to see if there was a correlation between 
hydrophobicity and dispersancy. A hydrophobicity (log P) table is shown below with 
the values of log P obtained from the ALOGP method. The higher the log P value, the 
more hydrophobic the molecule.
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Table 4.5 Log P values for model succinimides
ETHYL COM POUND LOG? PROPYL
COM POUND
LOOP
TWowo-CgEDA 1.8 mono-CsPDA 2.0
WOWO-C12E D A 3.4 mono-Ci2pT>A 3.6
7WO«o-C isE D A 5.7 mono-CisPDA 6.0
/wono-CgDETA 1.5 mono-CsDPTA 2.0
7WOWO-C12D ETA 3.1 mono-CnfyPTA 3.6
7W0770-CigDETA 5.5 mono-CiiDPTA 6.0
Twowo-CgEDA 4.8 bis-CsPDA 5.1
Ô/5-C12ED A 8.0 bis-CnPDA 8.2
bis-CisEDA 12.7 bis-CisPDA 13.0
bis-CsDETA 4.6 bis-CsDPTA 5.1
bis-CuT>ETA 7.7 ÔW-C12DPTA 8.3
ô/5-CigDETA 12.5 ^w-CigDPTA 13.0
/r/5-CgDETA 7.5 è/5-CigTPTA 13.0
/rw-CnDETA 12.3 /rzj-CnDPTA 12.8
^T75-CigDETA 19.4 /rw-CigDPTA 19.9
Table 4.5 reveals that these compounds are sparingly soluble in water and 
other hydrogen-bonded solvents which is consistent with their high solubility in 
hydrophobic solvents observed in experiments mentioned earlier. It can also be seen 
from Table 4.5 that as the molecules increase in levels of substitution i.e., from mono- 
to bis- to tris- they become increasingly more hydrophobic in nature as the ratio of
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polar components to non-polar coniponents decreases. This is a significant parameter 
in the effectiveness of the dispersant which relies on the polar component to “anchor” 
itself to a particle. Therefore, fi-om these results we would expect that the mono- 
compounds would be more attracted to the polar entities on a sludge particle than a 
his- or a tris- compound. This indeed has been shown to be the case in experimental, 
computer modelling and “real-life” scenarios detailed in chapters five and six. 
However, Table 4.5 shows that as the chain length increases fi-om Cg to Cig the 
compounds also get increasingly hydrophobic. When looking at the possible 
effectiveness of the dispersant this has to be examined from a slightly different 
viewpoint than for the case of increasing substitution. This is because increasing the 
hydrophobicity of the amine head-group by increasing the amount of substitution will 
decrease the “stickiness” of the dispersant which will hinder the dispersancy process. 
In contrast, increasing the hydrophobicity of the alkyl chains (by increasing the length 
of the chains) actually aids the dispersancy process as there are chain-chain- 
interactions that are important in the stabilisation and flocculation processes that have 
to be considered. Therefore, when looking at the results from the Log P test one 
cannot simply say that an increase in hydrophobicity will hinder or aid the dispersancy 
process. Instead, one has to look at what has caused the increase in hydrophobicity 
(i.e., whether it is an increase in substitution or an increase in chain length) and 
evaluate these effects separately to gain some meaningful results.
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4.5 Summary
The picture that emerges from the experimental analytical characterisation is 
that the molecules made were essentially those expected from the synthesis procedure, 
although the more substituted and longer chain length examples were contaminated by 
some of the lower substituted compounds. In hydrophobic solvents they act like 
classical amphiphilic oligomers, with partial association observed for the mono- 
substituted compounds. The molecules form Langmuir films with a characteristic 
plateau region for the short chain more substituted succinimides, indicating some 
strong “secondary” repacking occurring at high coverage. The longer chain molecules 
are generally more effective in forming Langmuir-Blodgett multi-layers. Therefore 
their ability to adhere to solid surfaces, which is undoubtedly a key step in the 
mechanism of dispersancy, has been clearly demonstrated by these experiments. It 
might have been possible to obtain purer samples. This was not pursued as separation 
of the molecules in substantial amounts would not have been practical. Also for the 
subsequent experiments reported in later chapters (e.g., viscometry and adsorption 
experiments) purer samples would probably not have improved the quality of the 
results as there are other sources of uncertainty present in these experiments. For 
example, in the activated carbon adsorption experiments, this solid is relatively poorly 
defined. Also in the viscometry experiments, there is some statistical variation in the 
viscosities measured for nominally the same compositions. Commercial dispersants are 
at least as impure, and therefore any effects dependent on greater purity are probably 
not relevant to the dispersancy mechanism. For this reason further steps to obtain
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more pure compounds were not taken as the compounds made above were sufficiently 
well-characterised to satisfy the objectives of this project.
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5.1 Introduction
This chapter addresses the interaction between a dispersant molecule and well 
defined solid surfaces in an attempt to correlate this with the dispersancy process itself 
To gain a better understanding of these processes, representative solid substrates were 
chosen to resemble as closely as possible real engine deposits. Adsorption isotherms 
were used to quantify the behaviour of the dispersant molecules onto these model 
carbonaceous deposits, which will form an important part of the dispersancy 
mechanism. Experiments were carried out using methylene blue (MB) as well as the 
succinimides in order to obtain an estimate of the specific surface area of the purchased 
grade of carbonaceous substrate. Also, this molecule is roughly the same size and 
shape (i.e. flat) as the succinimide headgroups and therefore the experiments carried 
out with the MB should help identify the effects of the succinimide PIB chains on the 
adsorption properties.
In addition, use has been made of TLC as a general method for characterising 
the interaction of molecules with a solid substrate. The potential advantage of this 
technique is that it is possible to determine dispersant-substrate interactions in a 
controlled manner by systematically varying the chemical nature of the substrate and 
mobile phase. TLC is used as a dispersancy test in the oil industry. A sludge 
dispersion (from used engine oil) is spotted onto a TLC plate and the effectiveness of 
the dispersant is measured by the degree of passage of the sludge along the plate. The 
absence of sludge in the TLC experiments means that competition for the dispersant 
between plate and carbon particles was eliminated. It is emphasised therefore that
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these TLC experiments are not designed directly to elucidate the TLC dispersancy test 
itself, but to provide a controlled substrate-solution environment with which to grade 
the dispersants.
5.2 Adsorption from solution.
5.2.1 Introduction
Adsorption from solution is the preferential partitioning of molecules from a 
fluid phase to a solid surface as a result of energetically favourable interactions 
between the adsorbing molecule and the surface. The adsorbing phase is known as the 
adsorbent or substrate and the material concentrated or adsorbed at the surface of that 
phase is called the adsorbate (note Adsorption is different from absorption, a process 
in which one phase interpenetrates into a second phase). The term “sorption” which is 
also encountered in the scientific literature is a non-specific expression encompassing 
both processes.
All adsorption processes are exothermic as the entropy of adsorption is always 
negative ( AG = AH-TAS and we require AG(0 ). Adsorption is traditionally 
described as being strong when confined to a mono-layer {chemisorption). Multi­
layers form through weaker attractive forces and this type of adsorption is called 
physisorption. These are limiting cases and a continuous range of different types of 
adsorption can take place between these two extremes, depending on the chemical 
nature of the substrate and adsorbate.
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A large specific surface area confers a corresponding adsorption capacity 
through the creation of a large internal surface area in the form of many small pores. 
The pore size distribution of these so-called micropores determines the accessibility of 
adsorbate molecules and is an important aspect in characterising the adsorptivity of 
adsorbents. Surface polarity gives rise to an affinity for polar substances, such as 
water or alcohols. Polar adsorbents, such as zeolites (aluminosilicates), porous 
alumina, silica gel or silica-alumina are examples of “hydrophilic” adsorbents. 
Nonpolar adsorbents, such as carbonaceous adsorbents, polymer adsorbents and 
silicalite are “hydrophobic” and therefore have more of an affinity for oil or 
hydrocarbons.
Adsorption in microporous solids is thought to occur in three basic steps: Film 
diffusion, pore diffusion and adhesion [1]. Film diffusion is the penetration of the 
adsorbate through the external surface of the adsorbent. Pore diffusion involves the 
migration of adsorbant through the pores to an adsorption site. Adhesion occurs when 
the adsorbate attaches itself to the surface of the adsorbent.
Activated carbon is one of the most common industrial adsorbents because of 
its enormous surface area per unit mass, which makes it an extremely efficient 
adsorptive material. It is produced by roasting organic material, such as coconut shell, 
wood, coal, peat or bone until it decomposes into granules of carbon [2]. These 
granules are then subjected to a process known as “activation”. The two main types of 
activation processes are chemical activation and steam activation. Chemical activation 
is generally used for the activation of peat and wood based raw materials. The raw 
material is impregnated with a strong dehydrating agent, typically phosphoric acid
Chapter Five : Characterisation of the Dispersant Molecules in Solution 100
(P2O5) or zinc chloride (ZnCy mixed into a paste and then heated to temperatures of 
500-800°C to activate the carbon. The resultant activated carbon is washed, dried and 
ground to powder. Steam activation is generally used for the activation of coal and 
coconut shell raw material. Activation is carried out at temperatures of 900-1000°C in 
the presence of steam. Initially gasification of the carbonised material with steam and 
carbon dioxide occurs:
C + H2O —> CO + H2 ArH= +1185 kj mol'^
C + CO2 -> 2C0 ArH= +159 kJ mol'^
The reaction of steam with carbon is accompanied by the water-gas reaction which is 
catalysed by the carbon surface:
CO + H2O -+ CO2 + H2 AfH= -42.3 kJ mol’^
This reaction is used to control the conditions within the kiln. The resultant 
activated carbon is graded, screened and de-dusted. The gas production during these 
activation processes produces many pores within the carbonised material and it is the 
vast internal surface area within these pores that accounts for most of the total surface 
area of this form of carbon (shown in Fig. 5.1). According to the International Union 
of Pure and Applied Chemistry (lUPAC) classification [3], the pores are subdivided 
according to diameter (d) into macropores (d>500Â), mesopores (20Â<d<500Â) and 
micropores (d<20Â).
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Fig. 5.1 Schematic representation of the different types of pores in a particle of activated carbon.
Activated carbons produced by chemical activation generally exhibit an 
extremely “open” pore structure, ideal for the adsorption of large molecules while 
activated carbons produced by steam activation generally exhibit a finer pore structure, 
both being ideal for the adsorption of compounds fi-om both the liquid and vapour 
phase. Precise pore size distributions can be engineered for particular applications by 
sieving the powder through wire meshs of different specific sizes.
The forces of attraction between the carbon and the adsorbed molecules are 
greater the closer the molecules are in size to the pores. The best adsorption takes 
place when the pores are just large enough to admit the molecule as the molecule can 
interact with substrate atoms on all sides. The binding to the surface of activated 
carbon is usually weak and reversible. However, compounds that contain 
chromogenic groups (polar and double bonded atomic arrangements that cause 
absorption in the visible and UV region of the spectrum e.g., -C=C-, -C=0 and -N=N-
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are often strongly adsorbed onto activated carbon because they are attracted to similar 
groups in the structure and graphitic region in the carbon.
Even though equilibrium concentrations on the surface and in solution may 
have been established, the processes of adsorption and desorption are still going on, 
but their rates have become equal (a “dynamic” equilibrium has been created). 
Therefore it is possible for molecules with a greater affinity for the substrate to 
displace a current adsorbate. For example, a loosely bound organic molecule can be 
displaced from an adsorption site by a molecule with a functional group that adheres to 
the carbon more tightly. The displaced adsorbate “desorbs” or is released by the 
carbon, during the adsorption of a more preferred adsorbate species. Molecules 
containing primary and secondary nitrogen atoms, such as the succinimides, are 
effective adsorbates.
Temperature effects on adsorption are usually profound because as the 
temperature increases AadsG increases which disfavours adsorption (AadsG must be <0 
for adsorption to take place). Therefore, since A ad sG  = A ad sH -T A a d sS , adsorption can 
only take place when AadsH  is more negative than TAadsS is positive. AadsS is always 
negative because the molecule adsorbed on the surface is confined in space whereas 
the molecule in solution is free to diffuse in space. Therefore, to ensure AadsG <0 the 
adsorption process is favoured at low temperatures. As the engine temperature can be 
quite high (ranging from -20°C to about 280°C) a requirement for an effective 
dispersant molecule is that it adsorbs strongly on the surface so that A a d s H « 0 ,  as the 
entropie term is unfavourable for adsorption at high temperatures.
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5.2.2 Structural and elemental analysis of activated carbon.
The experimental work was carried out using activated carbon [Aldrich 
DARCO KB-B; 100 Mesh wet powder] as a model carbonaceous substrate to gain an 
insight into the interactions between the dispersant molecules and the sludge particles. 
The activated carbon particles used in these experiments were analysed for 
size/chemical composition and structure for comparison with the sludge particles found 
in used engine oil. The techniques used were scanning electron microscopy (SEM) 
and elemental analysis. Elemental analysis of activated carbon was performed. The 
results are compared in Table 5.1 with the elemental composition of typical sludge 
particles from used engine oil, determined by Harrison, Greaser and Perry [4].
Table 5.1 Comparison o f  elemental data between a typical oil sludge and the grade of activated carbon 
used in these experiments.
% C % H % N % Others
‘Oil Sludge’ 63.0 4.71 1.33 30.96
Activated carbon 72.44 1.85 0 25.71
The above data indicates that the activated carbon sample used in these 
experiments had approximately the same carbon content as the sludge. It is likely that 
the rest of the activated carbon was mainly oxygen, while the 30% “other elements” 
(referred to in the table above) in the sludge particle consisted of halogens and metals 
(e.g., calcium from the detergent [4]). Therefore although the activated carbon does
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show some differences with the sludge it does have the advantage of being readily 
available and inexpensive for routine laboratory work. Also it is (and can) be 
reasonably well characterised (e.g., surface area determination by methylene blue 
adsorption as described later).
Some indication of the particle sizes in the activated carbon was determined 
using SEM. The SEM technique uses a microscope to look at specimens at a very 
high magnification. The beam consists of electrons rather than light which can achieve 
a greater resolution than an optical microscope. The images of solid material surfaces 
have a three-dimensional appearance allowing for a ready understanding of visible 
features. Its advantage over optical microscopy is its large depth of field (the amount 
of the sample that can be in focus at one time) over a wide range of magnifications. It 
does however require samples to be stable under vacuum conditions and electron 
irradiation. In the case of insulating materials a conducting surface coating has to be 
added to prevent electrical charging effects; gold coatings produce the best images 
whereas carbon coatings are used when X-ray analysis is required. Representative 
images from the electron micrographs of the activated carbon particles carried out 
using UNI SEM are shown in Figs. 5.2 and 5.3.
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Fig. 5.2 Electron micrograph o f  activated carbon magnification 9.9 Ikx
Fig. 5.3 Electron micrograph o f  activated carbon magnification 1.20kx
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These images reveal that the sample contained a wide range of particle sizes 
including some large activated carbon particles approximately 50pm in diameter. The 
smaller particles were mainly approximately 1 or 2pm in diameter. The wide range of 
particle sizes is in fact quite similar to the SEM of used engine oil sludge [4]. 
Therefore, in terms of chemical composition, particle size distribution and shape there 
are sufiScient similarities with typical engine oil sludge to suggest that experiments 
carried out on activated carbon or other carbon blacks should provide useful 
information relevant to the oil solids deposits.
5.2.3 Surface area determination of activated carbon using methylene blue.
Prior to carrying out adsorption experiments with the succinimides adsorption 
experiments with methylene blue (the classic model adsorbate) were carried out to 
obtain an estimate of the available surface area of the grade of activated carbon 
purchased. Methylene blue [3,9-bis(dimethylamino)phenazothionium chloride] is a 
strongly ionised organic electrolyte which has a small charge (+1) associated with a 
large conjugated ion as shown in Fig.5.4.
CH
Fig.5.4 Methylene blue 
Molar mass: 319.9gmor\ Length: 1.60nm, Breadth:0.84nm, Width:0.47nm.[4]
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The adsorption of methylene blue, MB, onto adsorbents such as activated 
carbon has been studied many times as a method for determining the surface area per 
gram of adsorbents (the so-called specific surface area) [5] [6] [7]. Because of the high 
molar mass and the small charge of the dyestufif ion it is probable that the primary 
adsorption mechanism occurs mainly through the operation of van der Waals forces 
and polarisation interactions between the molecule and the surface; the associated 
inorganic ion being close by in solution.
The surface area determination experiments are based on the fact that the 
absorbance, either in the UV or in the visible region of the spectrum, can be used to 
determine the concentration of the methylene blue in solution and fi-om this the amount 
adsorbed. A calibration curve is required for each solution in the absence of the 
adsorbent. The methylene blue used in these experiments was a technical grade 
anhydrous form supplied by the British Drug Houses Ltd. (BDH). Solutions in 
deionised water ranging in concentrations from 0-0.02mM were made up by weight 
using a Mettler B 154 balance (accuracy: ±0.1 mg). The visible absorbances of these 
solutions were obtained using a single beam PU 8720 UVAHS Scanning 
Spectrophotometer (Philips Company Pic ). The spectra can be seen in Fig.5.5.
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Fig. 5.5 VIS spectra of the MB calibration solutions.
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A calibration graph of solution concentration vs. absorbance in the visible 
region (at 664nm) is shown in Fig. 5.6.
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Fig. 5.6 Methylene blue calibration plot at a wavelength of 664 nm. The equation of the best fit line 
and its value are given on the figure.
The good linearity of the calibration plot proves that the methylene blue 
solutions obey the Beer-Lambert law, which is given in equation (5.1).
L
Abs = log10
_0
/
= zcl (5.1)
where, Iq is the intensity of the incident light, I is the intensity of the transmitted 
light, 1 is the path length of the absorbing solution in cm, c is the concentration of the 
solution in moldm'^, e is the molar extinction coefficient with units of dm^mol’^ cm'^  
and Abs stands for the absorbance or optical density. Adherence to the Beer-Lambert 
law is an indication that the adsorbate in solution is sufficiently dilute not to associate 
appreciably, which would otherwise make the VIS absorption strongly non-linear 
with respect to concentration. The calibration plot provided an s value of 59834
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dm^mor^cm"\ which is the slope of the straight line divided by the path length, shown 
in Fig. 5.6.
Activated carbon of the Darco® KB-B type (CAS 64365-11-3) was used as the 
adsorbent in these experiments. The activated carbon was stored for several days in a 
hotbox oven at 105°C to remove moisture from the sample. The manufacturer gave a 
BET surface area of 1600 m^g  ^ (measured by N2 adsorption) for the diy activated 
carbon. Arbitrary amounts of the adsorbent were weighed into different plastic 
centrifuge tubes (suitable for a volume of 10 ml). The masses of activated carbon were 
between 0.0026 and 0.0527g. 10 ml of the methylene blue solution was added to each 
centrifuge tube and the latter were mixed until all the adsorbent was homogeneously 
dispersed using a whirly mixer from Hook and Tucker Instruments Ltd. A 
homogeneous dispersion became apparent to the eye after a few seconds. Then the 
centrifuge tubes were clipped onto a home-made test tube rotator and slowly spun for 
2.5 hours at room temperature to achieve equilibration, which is a typical spinning time 
for such experiments [6].
After equilibrium was reached the adsorbates were separated from the solutions 
by centrifugation at 4000rpm for 30 minutes at room temperature. The VIS spectra of 
all the supernatants were then obtained and plotted to determine the final equilibrium 
concentration, Ceq, of the dye. Any absorbance due to the solvent (distilled water) was 
subtracted by obtaining a baseline on a sample of distilled water in advance to the 
sample measurements. Some of the supernatants had to be diluted by a factor of 10 or 
100 before the absorbance reading could be taken. All the spectrophotometer 
measurements were carried out in plastic cuvettes with a light path of 1cm. The
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absorbance maximum at 664nm of these samples was compared with the calibration 
graph to give the equilibrium concentration of the adsorbate. Subtraction of this 
concentration from the original concentration, Co, therefore gave the concentration 
“adsorbed”, Ca. The number of moles adsorbed being CaV where V is the volume of 
the solution.
As more activated carbon is added to the solution the concentration of 
methylene blue in the supernatant progressively decreases as the surface area available 
for adsorption increases. This adsorption can be seen as a gradual decolouration of the 
methylene blue solution. A plot of the concentration of methylene blue adsorbed v& 
mass of adsorbent is shown in Fig. 5.7. As can be seen in the Fig. 5.7 the adsorption 
vs. mass plot can be divided into two regions. First, there is a linear increase in the 
adsorption of the dye with increasing mass of adsorbent (up to approximately 0.025 g 
of activated carbon). Within the mass range from 0.025 g to 0.053 g the slope of the 
graph decreases initially and finally approaches an asymptote at a carbon mass o f c. a.
0.047 g where essentially 100% of the methylene blue had been adsorbed.
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Fig. 5.7 Adsorption/discoloration of methylene blue as a function of the mass of activated carbon.
The original concentration of MB was 3mM.
If the adsorbed concentration in Fig. 5 . 7  is divided by the original concentration 
it becomes apparent that the first stage of adsorption/discoloration occurs in the range 
0 < C a /c o < 0 .8 5 ,  where the slope is essentially linear as cJcq is increased with the mass of 
activated carbon. In the second step ( C a /c o > 0 .8 5 ) ,  the slope tends to fall and levels ofif 
at Ca/co=l, shown in Fig. 5 . 8 .  This is in good agreement with the trends found by 
Kvom et a l [6].
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Fig. 5.8 Concentration of methylene blue adsorbed over original methylene blue concentration as a 
function of mass of activated carbon
The number of moles of methylene blue adsorbed was calculated using 
equation (5.2).
n = =
o N  A
(5.2)
where, V is the volume of the methylene blue solution added to each tube, m is the 
mass of the adsorbent. Am is the surface area of the adsorbent per unit mass, a is the 
area occupied by one solute molecule on the surface of the adsorbent, Na is 
Avogadro's number, 0  is the fractional coverage and c* is the concentration decrease 
caused by adsorption. Equation (5.2) can be written as:
n-b m %  (5.3)
A
where 6 =
aN A
(5.4)
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b is the number of moles of the adsorbate that is adsorbed onto a unit mass of the 
adsorbent (i.e., Ig) as a close-packed monolayer. Equations (5.2) and (5.3) can then 
provide an equation for the fractional coverage, 0 ,
0  = —  = —  (5.5)
bm bm
which shows that the amount adsorbed equals 0 b  (see chapter two). If Ceq is the 
equilibrium concentration of the supernatant, substitution of equation (5.5) in equation 
(2.15) for the Langmuir adsorption isotherm gives:
CaVlbm
^ \ - c  V thm  a
Rearrangement of equation (5.7) gives,
-
A further rearrangement provides:
^eq 1
 = — -H  (5.8)
CaV b Kb
Therefore a plot of mCeq/CaV vs. Ceq has a slope of h"^  and an intercept of K ’^ b'\ The 
graphically determined value of b enables calculation of the surface area of the 
adsorbent per unit mass, if equation (5.4) is rearranged to,
An=baNA (5.9)
Three independent experiments were carried out and plotted (see Fig. 5.9) in 
this manner to obtain a value for b and subsequently the surface area of the adsorbent 
per unit mass.
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Fig. 5.9 Langmuir plots made according to equation (5.8) taken from three independent experiments. 
The three different symbols refer to the results from these three experiments.
The data in Fig. 5.9 conforms to the anticipated Langmuir form. The intercept 
is statistically indistinguishable from zero presumably because of the large values of b 
and K (the latter indicating a strong adsorption enthalpy). To calculate the surface 
area a value for the area occupied by one solute molecule on the surface of the 
adsorbent is needed. The values of the area occupied by one molecule of methylene 
blue given in the literature vary over a wide range [8]. A value of 1.35nm^ per 
molecule for the cross-sectional area of one methylene blue molecule is used, which is 
based on the geometry of the molecule lying flat on the surface of the activated carbon. 
Linear regression of the data on Fig. 5.9 leads to the result of the surface area of the 
activated carbon to be, Am=(985 ± 74) m^g'  ^according to equation (5.9). Dividing the 
standard deviation by the mean value gives a relative error of 7.5%. The specific
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surface area of the activated carbon can also be calculated using the ordinate value on 
the y axis corresponding to the plateau region of the isotherm shown in Fig. 5.10. In 
the literature, many authors assume that the plateau represents complete coverage of 
the surface by a mono-layer of strongly adhering adsorbate and that the isotherm can 
therefore be fitted by a Langmuir equation [8]. A value for the specific surface area 
can be calculated fi*om either the plateau value (from the graph shown in Fig. 5.10) or 
by substituting the value of b (obtained from the slope of the graph shown in Fig. 5.9) 
into equation (5.9). In this case, both methods gave a specific surface area of 943 ± 50 
m  ^g'^  showing the specific surface areas determined by these two different ways are 
the same.
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Fig. 5.10 Adsoq)tion isotherm for methylene blue on activated carbon
The adsorption isotherms for some chemical systems can show differences from 
classical Langmuir behaviour. The shapes of these isotherms can provide useful
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information about the interactions between the adsorbate and the adsorbent. However, 
they can also give an indication to the extent of adsorbate-adsorbate interactions 
between the adsorbate molecules on the solid surface (which is assumed to be zero in 
the Langmuir case). In 1940, Brunauer, Deming, Deming and Teller [9] classified 
different adsorption isotherms of gases onto solids into five types and a sixth type was 
later classified by the International Union of Pure and Applied Chemistry (lUPAC) 
[10]. These are shown in Fig. 5.11.
The shape of each adsorption profile in Fig. 5.11 gives clues as to the 
adsorption process taking place. If the adsorption concentration levels off it either 
indicates that the molecules are essentially restricted to a mono-layer, by strong 
adsorbate-adsorbent attractions but weak adsorbate-adsorbate attractions, or that some 
geometrical feature of the adsorbate (such as a micropore) is limiting the adsorption 
beyond a certain amount (see Figures 5.11 (a), (e) and (f) for example). Adsorption 
concentrations with an upwards concave shape are indicative of strong adsorbate- 
adsorbate attractions (e.g. see Figure 5.11 (b) for the most simple example, (c) 
showing the type V adsorption is an extension of (b) (type HI) where the molecules are 
eventually limited in the extent of adsorption by the pore size).
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Fig. 5.11 The lUPAC classifications of adsorption isotherms of gases onto solids. The differences in 
the shapes are attributable to variations in pore structure and adsorption characteristics, which are 
indicated on the figure. ?o is the saturation vapour pressure of the gas adsorbate at the temperature of 
the adsorption.
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An interpretation of the Type I isotherm was already given by Langmuir [11]. 
Similarly in 1960 Giles, MacEwan, Nakhwa and Smith classified adsorption isotherms 
observed in solution studies [12]. These categories provided more detailed curves 
which were divided into sub-groups. They observed that isotherms for adsorption of 
organic solutes can be divided into four main classes (L-curves, S-curves, H-curves 
and C-curves) according to the nature of slope of the initial portion of the curve and 
which in turn were divided into sub-groups (shown in Fig. 5.12). The differences in 
adsorption behaviour of solution adsorption compared to gaseous adsorption reflects 
the two main differences between the respective systems. Firstly, the adsorbate 
molecules studied in solution adsorption are generally much larger than the adsorbate 
molecules studied in gaseous adsorption which provides more opportunity for 
adsorbate-adsorbate interactions and also geometrical packing effects. Secondly, in 
solution adsorption there is also the presence of a third component, the solvent, which 
was water in the work of Giles and co-workers. This third component should be taken 
into account in any complete treatment of the system as it will “compete” for the 
surface with the adsorbate.
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Fig, 5.12 System of isotherm classification for solution adsorption for water based solutes.
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L-curves or Langmuir isotherms were so named as they resembled the Type I 
isotherm mentioned above. These types of isotherm are indicative of molecules 
adsorbed flat on the surface or vertically orientated adsorbed ions with strong 
intermolecular attractions. The S-curves (named after their shape) are indicative of 
vertical orientation of adsorbed molecules at the surface which allow for strong lateral 
interactions. H-curves (high affinity) describe species that adsorb extremely strongly, 
even at very low concentrations, giving an apparent positive intercept on the y-axis,
i.e., at zero solution concentration. These curves are often observed when the 
adsorbed species are large units, i.e., ionic micelles or polymeric molecules. C-curves 
(“constant partition”) are linear curves given by solute molecules that penetrate into 
the solid microporous structure more readily than the solvent molecules. The sub­
groups are arranged according to the shape of the curves farther fi’om the origin. For 
example, if the adsorbed solute molecules in the mono-layer are orientated so that the 
new surface has a low attraction for the solute molecules still in solution then a long 
plateau is observed. However, if the new surface has a high attraction for the solute 
molecules still in solution then the curve will continue to rise steadily and no plateau is 
observed. The most common shapes of adsorption isotherm observed experimentally 
are the L- and S- type isotherms. Therefore, it is not surprising that the measured 
methylene blue adsorption isotherm of Fig. 5.10 conforms to the so-called type L2 
isotherm.
The surface area determined by adsorption from an aqueous methylene blue 
solution (-990 m^ g"^ ) is smaller than the surface area measured by nitrogen (N%) 
adsorption (1600 m^g'\ provided by the manufacturer). Therefore, in these 
experiments the percentage surface area of the activated carbon accessible to
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methylene blue is 63% of the N2 value. The difference between the N2 surface area of 
a carbon and that accessible to methylene blue could be due to the action of “pore 
screening” and other geometric issues. According to Graham methylene blue 
molecules can only enter pores whose nominal limiting diameter is at least 1.3nm 
whereas the limiting pore diameter for the smaller nitrogen molecules is 0.4nm [13]. 
Therefore, it can be assumed that around two thirds of the accessible surface area for 
the MB is located in macropores and mesopores and around one third is situated in 
micropores. Barton argued that in some micropores inaccessible to MB, solvent 
molecules can still be adsorbed, which would lead to incorrect apparent adsorption 
trends for the solute molecules as solvent adsorption would lead to apparently higher 
solute concentrations in the supernatant [7]. However, Giles and D’Silva claim that 
there is no evidence that the solvent water interferes with the formation of the 
adsorbed dye mono-layers [14]. There are clearly some unresolved issues relating to 
accessibility of common solvent molecules to the internal surface area of the 
microporous carbon.
It should be taken into account that the calculation of the total surface area of 
the adsorbent is based on an assumed close-packed complete mono-layer of the 
adsorbate. However, because of the shape of the methylene blue molecule it is 
improbable that a really close-packed mono-layer can ever be reached. Nevertheless 
the value of 985 m^ g'  ^ is an adequate working value for the surface area accessible to 
medium sized organic molecules and it is this figure that will be used in further analysis 
of the adsorption data for the succinimides. Using equation (5.5) it is possible to 
calculate the fi*actional coverages of the surfaces. The fractional coverage range being 
from 0.0 to 1.0. In these experiments it was observed that a complete mono-layer was
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reached in all experiments as long as the mass was small enough (< 0.009 g) and 
therefore the fractional coverage was 1.0 (i.e., complete coverage).
In the next section the results of the adsorption experiments of succinimide 
molecules from non-aqueous solution onto activated carbon will be reported, using 
broadly the same experimental procedure.
5.2.4 Adsorption experiments using the succinimides
A series of solution adsorption experiments were carried out on a range of 
succinimide dispersants dissolved in 2,2,4 trimethylpentane. A volume, Vi, of each
solution was measured into a number of test tubes, i , (where 7=1,2 n) containing a
specific amount of solid powder, nii. Each test tube therefore contained an initial 
concentration, C„i of succinimide which was allowed to interact with the mass of solid 
powder, mi for time, t, until an adsorption-desorption equilibrium was reached. At 
equilibrium the concentration of the solution in the tube is now referred to as the 
equilibrium or final concentration, Ceq». For a given tube there will be ni moles of 
solute adsorbed onto mi mass of solid. If A„ is the surface area per unit mass of the 
solid, a is the surface area of the solute molecule on the substrate and 0i is the
fractional coverage, we have for the carbon in each tube at equilibrium, = !hE ^L i
Measuring the concentration of the succinimide in solution proved a more 
problematic task than for the methylene blue. The adsorption experiments were first
Chapter Five : Characterisation of the Dispersant Molecules in Solution 124
earned out in the UV range as the compounds exhibited a very strong absorbance 
around 205nm (see chapter 4). However, very dilute solutions (<0.1 mM) had to be 
prepared for absorbance readings between 0 and 1. Such small quantities of dispersant 
are insufficient to form an adsorbed mono-layer on the adsorbent. Therefore, solutions 
ranging between 0.25mM and 2.5mM were used in this study whose absorbance 
readings fell between 1 and 3. However, it was observed that the peak maximum, Xmax 
, shifted to higher wavelengths as the concentrations increased as shown in Fig. 5.13.
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Fig. 5.13 UV spectra of succinimide solutions showing the shift in X^ axas concentration 
increases. The solvent was 2,2,4 trimethylpentane.
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Calibration graphs that were obtained by plotting the UV absorbance at 
against solution concentration (0.25mM to 2.5mM) were non-linear (shown in Fig. 
5.14) and therefore did not obey the Beer-Lambert law. However, the points did fit a 
power series and so it was still possible to determine solution concentrations in this 
way. The non-linear absorbance vs. concentration in the UV is indicative of 
succinimide association in solution, which is consistent with their chemistry, 
particularly of the headgroup which is extremely hydrophilic.
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Fig. 5.14 Calibration graph for varying solution concentrations of6;j-CigDETA in 2,2,4 
trimethylpentane using UV detection at A,=210-220nm.
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The UV studies considered adsorption from relatively dilute solution (2.5mM) 
of the succinimides dissolved in 2,2,4, trimethylpentane and therefore further studies 
were carried out with solutions ten times this strength to see if any concentration 
effects were evident. The neat succinimides ranged in colour from pale yellow to dark 
brown at stronger solution concentrations and a second peak was observed which was 
attributable to this colouration (see Fig. 5.15). Consequently the concentrations of the 
stronger solutions were calculated by monitoring the absorbance of this second peak 
which occurred near or in the visible region of the spectrum (~330-470nm) depending 
on the colour of the original succinimide. However, to distinguish between the two 
sets of experiments the experiments on the stronger solution concentrations will be 
referred to as “VIS” determinations. The solutions used for these experiments ranged 
between 2.5mM to 25mM for the model succinimides and 0.6% to 6%w/v solutions 
for the commercial succinimides. Calibration graphs of absorbance vs. concentration 
(shown in Fig 5.16) in this region were linear and therefore obeyed the Beer-Lambert 
law. It is interesting that the spectra associated with the first UV peak clearly deviated 
from Beer-Lambert law behaviour whereas the spectra associated with the second peak 
in the VIS determination gave an excellent fit. It could be possible that there is 
another reaction product present with the succinimide which gives rise to the colour. 
Therefore, the peak associated with the colour may be due to this other compound 
which is present in such low concentrations so as to obey the Beer-Lambert law. 
While not an ideal situation it is possible that the second more dilute component is 
chemically similar to the succinimides and therefore adsorbs quantitatively onto the 
adsorbent in proportion to the succinimide.
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Fig. 5.15 Determination of dispersant concentration in 2,2,4 trimethylpentane by monitoring the 
appearance of a second “VIS” peak at stronger concentrations.
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Fig. 5.16 Calibration graph for a ^w-CigDETA in 2,2,4 trimethylpentane using visible detection.
The adsorption experiments were carried out on a number of commercial and 
model succinimides, following the same procedure as used for surface area 
determination of MB. Due to commercial sensitivity the commercial dispersants can 
only be referred to as dispersants B, C and D but their relative chemical 
compositions are given in Table 5.2. Comparison between model and commercial 
dispersants should reveal the effect of molar mass (the commercial samples having 
significantly higher masses) and of hydrocarbon chain flexibility. The commercial 
compounds are methyl branched on every backbone carbon which should make them 
more rigid than the straight chain model dispersants.
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Table 5.2 Table outlining commercial dispersant compositions. MM denotes molar mass in gmol'\
DISPERSANT TYPE PIB COMPOSITION AMINE COMPOSITION
A his- 100% 2300MM HP AX*
B his- 40% lOOOMM 60% 2300MM Triethylenetetraamine
C mono- 100% lOOOMM T etraethylenepentaamine
D tris- 40% lOOOMM 60% 2300MM Triethylenetetraamine
*HPAX (Heavy Poly Amine eXtract) is a trade name of Union Carbide which is a 
mixture of TEPA (triethylene pentaamine), PEHA (pentaethylene hexaamine), HEHA 
(hexaethylene heptaamine), cyclic and branched amines.
Dispersants A and B are both ôw-succinimides that differ in both the chain- 
length of their PIB component and the composition of the amine. Dispersants B and D 
are bis- and /rw-TETAs with the same PIB chain-length (a two PIB component mix), 
while A and C have a single PIB component but with different molar masses. All the 
PIBs were probably polydisperse to varying extents.
Varying masses of activated carbon (approx. mass range 0.0020g to 0.1 Og) 
were added to Teflon centrifuge tubes containing 10ml portions of the 2.5mM 
succinimide solution (for UV determination) or 10ml portions of the 25mM or 6%w/v 
succinimide solution (for VIS determination). Twenty such tubes were made up. 
Teflon tubes were essential for these experiments as they did not interact with the 
solvent and could withstand the centrifugal forces exerted on them at 4000rpm. The 
tubes were sealed and the carbon solid was dispersed homogeneously using a whirly
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mixer. The tubes were slowly shaken using a test tube rotator for a further 2.5 hours 
to allow the adsorption-desorption processes to reach equilibrium. The samples were 
then centrifuged at 4000rpm for 30 minutes to remove the carbon particles from the 
solution. The concentration of dispersant left in the supernatant was determined using 
the same UVA^S spectrophotometer. This final concentration was subtracted from 
the initial solution concentration to obtain the concentration decrease and hence the 
number of moles of succinimide adsorbed onto the respective masses of carbon. Plots 
of concentration adsorbed vs. mass of carbon were made just as for the methylene blue 
experiments.
At first heptane was used as the solvent because of the good solubility of the 
succinimides in this solvent. The absorption maximum of a O.lmM solution (o f bis- 
CigDETA for example) occurred at 203.Inm. However with increasing dilution the 
UV absorption maximum shifted towards shorter wavelengths and could not be used 
for the calibration purposes because the employed quartz cuvette only gave reliable 
absorbance readings for wavelengths greater than 200 nm. This limitation led me to 
try another solvent. The second solvent tried was 1-butanol in which a bathochromic 
shift (i.e., a shift to longer wavelength, lower frequency or lower energy) of the 
absorption maximum was observed. The peak appeared in this case at 212.8 nm. In 
fact, this bathochromic effect proved that the observed succinimide peak was not 
caused by the transition of the carbonyl groups of the succinimides as might be
first thought as this transition should have experienced a hypsochromic shift (i.e., shift 
to lower wavelengths, higher fi-equency or higher energy) when the solvent was 
changed from the non-polar heptane to the polar butanol (as the latter could hydrogen
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bond to the carbonyl group hence increasing the energy of this transition). According 
to Williams and Fleming, the weak absorption of a carbonyl n -> tc* transition can shift 
from the 275 - 295 nm range to the 200 - 215 nm range if the carbonyl group is 
substituted by an avxochrome (i.e., a group containing lone pairs of electrons (which 
will also modify the colour of the chromophore which can be detected in the VIS 
region)) [14]. Therefore it seems reasonable to attribute the measured UV peak to the 
n->  71* transition of the C=C double bond in the hydrocarbon chain of the succinimide. 
This conclusion is supported by the measured bathochromic shift when the solvent was 
changed from heptane to 1-butanol. This shift is typical for such a solvent change 
because the % -^  %* transition results in an excited state more polar than the ground 
state. The dipole-dipole interactions with solvent molecules lowers the energy of the 
excited state more than that of the ground state. Such a solvent change causes a small 
red shift in the order of 10 - 20 nm depending on the substituents attached to the 
double bond [15]. Taking into account these effects the solvent that was eventually 
chosen for the adsorption work was 2,2,4 trimethylpentane (iso-octane) which not only 
had good solubility of the succinimides but also produced an absorbance peak from the 
succinimides at around 210-220nm.
5.2.5 Results and conclusions
The most favoured approach in investigating the adsorption mechanism is to 
study the adsorption isotherm. Important aspects include the rate of adsorption, the
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shape of the isotherm, the significance of any plateau regions that may be observed, 
whether the adsorption is monomolecular or extends to several layers, the orientation 
of the adsorbed molecules and the nature of the interactions between adsorbate and 
adsorbent. The net interaction of an adsorbate molecule with the surface may involve 
more than one type of interaction. For example, the interaction between the surface 
and adsorbed species may be either chemical or physical involving several types of 
bonding such as chemisorption, hydrogen bonding, hydrophobic bonding and van der 
Waals forces. Therefore, this adsorption study was carried out to gain a better 
understanding of the adsorption mechanism of the dispersant molecules onto sludge 
particles in an engine.
Adsorption isotherms for the model and commercial dispersants were produced 
to show the effects that molecular architecture has on adsorption interactions. The 
model dispersants were studied in both the UV and VIS regions using different 
solution concentrations to highlight any concentration-dependent effects. Fig. 5.17 
shows some representative isotherms for ôw-DETA model dispersants in which the 
chain-length was varied between n=8 and n=18.
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5.17 Adsorption isotherms of some representative model dispersants in 2,2,4 trimethylpentane (UV) measured 
at wavelengths of %=210-22Onm.
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It can be seen from Fig. 5.17 that the adsorption curves have an initial high- 
affinity Langmuirian (H-type) profile at low concentrations which develops into an S- 
shape at higher concentrations. It seems most probable that the succinimide 
derivatives attach themselves to the carbon surface via their polar heads and that the 
hydrocarbon chains are orientated away from to the carbon surface. As the model 
succinimides adsorb in an S-type fashion at higher solution concentrations this 
indicates that the molecules orientate themselves vertically on the surface and exhibit 
strong lateral interactions between the succinimide molecules already on the surface. 
Fig. 5.18 illustrates that for the MB there are strong attractive forces (represented by 
heavy lines) between the MB molecules and the substrate but very weak forces 
(represented by dotted lines) between the MB molecules themselves. Consequently a 
MB molecule would be equally stable if located at either position A or B indicating 
that there is no co-operative adsorption and so an L-type isotherm is observed. 
However, for the succinimide molecules the solute-solute forces (represented by heavy 
lines) are relatively strong in comparison to the forces between the succinimide 
molecules and the substrate (represented by normal lines). The initial strong 
adsorption (early H-type behaviour) is followed by strong self-association of these 
molecules on the surface possibly leading to the formation of multi-layers and the 
upturn in the amount adsorbed beyond monolayer coverage (this ability having been 
confirmed in the Langmuir-Bloggett/ellipsometry experiments described in chapter 
four, section 4).
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Fig. 5.18 Schematic diagram illustrating bonding effects of MB and succinimides at the substrate 
surface.
A succinimide molecule would be more stable at position A than at position B 
and so the activation energy required to remove a succinimide molecule from the 
surface is concentration-dependent and co-operative adsorption occurs producing 
largely the S-type isotherms. It can be seen from Fig. 5.17 that the first plateau region 
for all three model succinimides shown occurs at an adsorbed concentration of around 
0.7 mmol g"\ Assuming the average surface area occupied (from the Langmuir trough 
studies in chapter four) is around 85 per molecule this gives a surface area of 
around 300 m  ^g '\
Compared to the value of around 1000 m  ^g'  ^ for MB adsorption (see Table 
5.3) and 1600 m^g"  ^ for nitrogen adsorption and taking into account that activated 
carbon is a porous material, it can be concluded that adsorption takes place to a
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significant extent within the porous network inside the carbon. A significant fraction 
of the internal surface of the carbon is accessible to the model succinimide molecules 
(but not quite so much as for the case for methylene blue). The shape, size and 
interactions between the molecules with the long hydrocarbon chains hinder the entry 
of the succinimides into the finer network of pores to a moderate extent. The 
succinimides demonstrate a strong adsorption onto the exposed surface area accessible 
to the molecules.
The adsorption isotherms of the commercial dispersants obtained by VIS 
determination also appeared to adsorb in an S-type fashion (see Fig. 5.19).
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Fig. 5.19 Adsorption isotherms of commercial dispersants in 2,2,4 trimethylpentane measured at the 
following wavelengths. A, C and D A,=420nm, B, À,=440nm.
Chapter Five : Characterisation of the Dispersant Molecules in Solution 137
The concentrations at the plateau region corresponding to mono-layer 
adsorption were between 0.21-0.36 g g"^. Estimations of the molecular masses of the 
commercial dispersants were calculated and the moles adsorbed were compared to MB 
and the model dispersants in Table 5.3.
Table 5.3 Comparison of adsorbed concentrations between MB and succinimides
ADSORBATE NUMBER OF MOLES ADSORBED/GRAM 
CARBON (mmol g'^) 
(uncertainties are estimated to be ± 10%)
Methylene Blue 1.1
bis-CgDETA 0.7
bis-C^DETA 0.8
bis-CigDETA 0.7
Dispersant A *0.07
Dispersant B *0.09
Dispersant C *0.23
Dispersant D *0.04
* An estimate of the moles of commercial dispersant adsorbed was obtained by 
dividing the grams of dispersant adsorbed by an average molar mass for each 
dispersant. The average molar mass was calculated by averaging the molecular weight 
contribution of the PIB chains (whose mass and percentage composition is given in 
Table 5.2) and adding this mass to the mass contributed by the headgroup.
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It can be seen from Table. 5.3 that the number of moles of the commercial 
dispersants adsorbed onto the carbon is typically 3 to 10 (but up to 20) times less than 
for the model dispersants. This could be due to two possible effects, the first is that 
the commercial dispersants had greater difficulty entering the finer network of pores in 
the carbon. This is possibly due to the longer carbon back-bone and branching effects. 
The length of the PIB backbones of the commercial dispersants would range from 
around C25 to Ceo for the 1000 MM to the 2300 MM PIB’s respectively, compared to 
Cg to Gig for the model succinimides and on each of the carbons in the PIB backbone 
would be 2 methyl groups compared to 2 hydrogens for the model dispersants. This 
combination would restrict the movement of the PIB chains through the finer network 
of pores as the chains will be less flexible due to torsional energy barriers (see Fig.
5.20).
Straight-chain model dispersant: 
Can bend and ‘wriggle’ into smaller 
pores
Branched commercial dispersant: 
More restricted movement, can 
not bend to get into the smaller < 
pores
Fig. 5.20 Illustration of how branching in the commercial PIB chain hinders access to the finer pore 
network in activated carbon.
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The second, is that the commercial dispersants may occupy a greater area on 
the carbon surface and therefore less commercial dispersant is needed (compared with 
model dispersant values) to complete a mono-layer, i.e., the PIB chains “sweep-out” 
over a larger volume covering a greater area on the carbon surface (shown in Fig.
5.21).
O Ô O O O Ô
Model dispersant: 
Straight-chained tails can 
pack more closely.
Commercial dispersant:
PIB tails ‘sweep-out’ and 
take up more area on the surface.
Fig. 5.21 Illustration showing the sweeping effect of the PIB chains on the carbon surface compared to 
model straight-chain dispersants.
It may also be possible that the number of moles adsorbed for the commercial 
dispersants is fewer than for the model dispersants due to a combination of the two 
effects mentioned above. At this stage the reason is still unclear and further work is 
needed to clarify this point.
The VIS studies for the model succinimides, shown in Fig. 5.22, considered 
adsorption from relatively stronger solutions (25mM) than for the UV studies (2.5mM) 
to determine if any concentration effects were evident.
Chapter Five : Characterisation of the Dispersant Molecules in Solution 140
bis-C8DETA
Cf (mM)
bs-C12DETA
Cf (mM)
28
24
22
20
bis-C18DETA
18g
10
6
4
2
0
1 1.09 1.1 1.19 1.3 1.39 1.4
Cf (mM)
Fig. 5.22 Adsorption isotherms of model dispersants in 2,2,4 trimethylpentane comparing 
concentration effects, at wavelengths of X=375-420nm.
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The plateau region of the curves in Fig. 5.22 are a little higher than the plateau 
regions for the curves in Fig. 5.17. Since the VIS experiments are carried out at higher 
concentrations it could be that the plateau here corresponds to the second layer 
adsorbed. The values of the amount of dispersant adsorbed from the plateau regions 
are compared in Table 5.4.
Table 5.4 Comparison of adsorbed plateau concentrations of model succinimides for original solution 
concentrations of 2.5 mM (UV studies) and 25 mM (VIS studies) respectively.
ADSORBATE NUMBER OF MOLES ADSORBED PER 
GRAM CARBON (UV STUDIES) (mmol g^) 
(uncertainties are estimated to be ± 10%)
NUMBER OF MOLES ADSORBED PER 
GRAM CARBON (VIS STUDIES) (mmol g )^ 
(uncertainties are estimated to be ± 10%)
bis-CgDETA 0.7 2.0
bis-CizDETA 0.8 1.4
bis-CisDETA 0.7 2.5
It can be seen from both comparing Fig. 5.22 with Fig. 5.17 and Table 5.4 that 
at the VIS solution concentrations, the adsorption process is clearly in the multi-layer 
region. As the concentration increases the amount adsorbed also increases showing 
that adsorption is not restricted to mono-layer formation but multi-layers are forming 
as concentration increases. Therefore, the adsorption is strongly concentration 
dependent and by no means confined to a mono-layer. The ellipsometry data presented 
in chapter four indicated the ease at which these dispersants can form multi-layers. 
The above adsorption data supports the view that this is the same in the less controlled 
environment of adsorption onto activated carbon.
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In general, the succinimides and MB have quite different adsorption curve 
profiles. The MB adsorbs flat on the surface giving a classical Langmuirian profile and 
the calculated fi-actional coverages show that it can penetrate slightly better into the 
porous space of the activated carbon. In contrast, the H/S-shaped succinimide profiles 
indicate that these molecules are close-packed on the surface with their long chains 
probably vertical so that they can interact strongly, and that they readily adsorb on top 
of each other to form multi-layers. Therefore in this latter case, as the coverage 
increases there is more opportunity for favourable lateral interactions (AH<0) 
promoting further adsorption and discouraging the desorption of the adsorbed 
molecules back into solution, i.e., co-operative adsorption does take place. Continued 
adsorption after the plateau region also indicates that the succinimides show strong 
evidence of multilayer formation which is not seen in the MB isotherm. Evidence fi'om 
Table 5.3 shows that smaller quantities of the succinimides are adsorbed in the mono­
layer region compared with MB, suggesting that the succinimide molecules are 
excluded from many of the smaller pores. This is good news with respect to their 
dispersancy function as only the outer surface needs to be covered by the dispersant 
molecules for effective dispersion and adsorption onto the inner surfaces would only 
deplete dispersant concentrations without probably serving any dispersancy role. 
Clearly the shape and size of these medium sized organic molecules has a pronounced 
effect on the nature of the adsorption of the adsorbate.
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5.3 Thin Layer Chromatography (TLC) on the succinimide solutions.
5.3.1 Introduction
In the 1960s Killer and Amos [16] showed that TLC was a useful technique for 
the analysis of lubricants and related products. Their work led to a relatively quick and 
easy method for monitoring the control of lubricant production. A typical TLC 
procedure involves mixing a formulated oil containing a commercial dispersant with 
sludge from used engine oil. 5pi spots of the mixture are developed on a silica plate 
using n-heptane as the solvent. The dispersants are graded according to streak length, 
distance moved up the plate (“RF” value) and general visual appearance. The 
evaluation of the dispersants by this method is somewhat subjective and there are 
several issues that have not yet been fully explored. The principle behind the TLC 
dispersancy test (as with other “spot” tests) is that the further the “dark” region moves, 
relative to the solvent front, then the better the dispersant is. The “dark” region will 
contain the finely dispersed carbon particles. Interpretation of the experimental data is 
potentially complicated by the competitive interaction between the stationary and 
mobile phases for the dispersant molecules. I am unaware of any systematic study 
exploring the relative effectiveness of different types of stationary and mobile phases in 
competing for the dispersant. Therefore, this is one of the themes in this chapter. A 
systematic study using the model dispersants was carried out to investigate the 
importance of the dispersant-substrate interactions using various substrate/mobile 
phase combinations. In order to eliminate as many variables as possible, the present
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experiments were carried out without the carbonaceous dispersed phase and only with 
the solutions of the different dispersants.
5.3.2 Experimental Procedure
The model compounds were dissolved in chloroform as 10 % w/v solutions and 
spotted onto the plates. The mobile phase ranged in polarity from heptane through 
chloroform to methanol. Plates of varying polarity based on silica were used, e.g. Si- 
NH2, Si-Diol and a reverse phase (Si-Cig). 1x1 pi and lx2pl spots of each sample 
solution were applied to adjacent lanes on the TLC plate using a Camag Linomat IV 
applicator.
The plates were dried in an oven at 110-120 °C for 2 minutes. The developing 
tanks were lined with filter paper soaked in solvent to ensure that the atmosphere 
inside the developing tanks was saturated with solvent. Each plate was developed in 
the selected solvent after the solvent front had risen 150 mm ± 2mm up the plate for 
TLC plates and 65mm ± 2mm for HPTLC plates. The plates were removed from their 
tanks and most of the solvent was allowed to evaporate from the plates in the fume 
cupboard. Then the plates were placed in the oven at 110-120 °C for 10 minutes. The 
plates were removed from the oven and allowed to cool to room temperature and then 
scanned using a densitometer at wavelengths of 365nm and 254nm as the streaks were 
generally not naturally coloured. Visual inspection of the plates under LTV at the same 
wavelengths of 365nm and 254nm showed that there was often good agreement with 
the densitometer readings, however, some spots near the solvent front were not
Chapter Five : Characterisation of the Dispersant Molecules in Solution 145
evident on densitometer traces but were clearly visible under the UV lamps, perhaps 
indicating the limitations of sensitivity of the densitometer. The data obtained from the 
densitometer scans were both plotted out directly and digitised, using the TANDON 
software package, and read into MICROSOFT EXCEL. This data was plotted on 
graphs showing density of the spot vs. distance the sample moved.
The study focused on the effects that varying substrate (stationary 
phase)/mobile phase (solvent) combinations had on the movement of the dispersant 
along the plate when alkyl chain length, type of amine headgroup and degree of 
substitution of the dispersant was varied. The traces of the dispersants have a 
characteristic streaky appearance, shaped like an “upside down tear-drop”. This 
streaky appearance is also observed on traces with carbonaceous material present and 
so is therefore intrinsic to the dispersant molecules in solution and appears to be 
unique to these oil-based dispersant systems. A schematic diagram of a typical trace is 
shown in Fig. 5.23. The reason these molecules produce this effect is still not known. 
The model dispersants generally did not move far up the plate, compared with the 
solvent which indicates a strong association for the plate surface. Since the 
compounds did not move very far in relation to the solvent front, the graphs are 
truncated at 50 mm (for solvent fronts of 150 mm) and 35mm (for solvent fronts of 
65mm) to enlarge the regions of interest.
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Fig. 5.23 Schematic diagram of a typical TLC trace of succinimide dispersants with and without the 
presence of sludge.
5.3,3 Effect of solvent
In order to bring out the effect of the solvent on the model compounds three of 
the solvents were chosen for discussion from the six solvents that were actually used. 
The three solvents discussed cover a wide range of polarity, from a hydrophobic 
solvent (heptane) to a polar solvent (methanol). The stationary phase was silica and 
the elusions were repeated for three different compounds, wowo-CgDETA, mono- 
CnDETA and /wowo-CigDETA. Many traces were produced, the conclusions of which 
are listed below (note: some representative figures are given to illustrate these trends).
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• As the polarity of the solvent increases, it is more effective at competing with the 
silica based stationary phase for the polar head groups of the compounds and the 
compounds are taken further up the plate. As a result the range of dispersants are 
better separated. Fig. 5.24 illustrates this effect for the wowo-CgDETA compound.
• In heptane the streak length seems to be relatively insensitive to the chain length of 
the compounds (see Fig. 5.25). This is probably because the hydrophobic 
attraction forces between dispersant and solvent are relatively weak compared to 
the polar attraction forces between the head groups and the silica plate. In a more 
polar solvent such as methanol, the separation of the streaks was greater, as seen in 
Fig. 5.26 and the compounds were better resolved.
• As the chain length increases the solvent type appears to have less of an effect on 
how far the compound moves up the plate. As the chain length increases the molar 
mass of the compound becomes a significant factor in how far the compound will 
move up the plate as the diffusion coefficient of the compound decreases as the 
molar mass increases (see Fig. 5.26). Also as the chain length increases there is a 
greater possibility that the chains may become entangled with one another in the 
vicinity of the stationary phase, thus forming aggregates with even lower diffusion 
coefficients than the isolated molecules. The VPO work suggested that the level of 
association is quite small in bulk solution and is determined by the chemical nature 
of the headgroup rather than the chain length. However, more association could 
take place in the restricted environment near the stationary phase and be principally 
affected by the hydrophobic part of the molecule.
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Fig. 5.24 TLC plot of mono-CgDETA at 365nm on silica in various solvents ; demonstrating the effect 
of solvent polarity.
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Fig. 5.25 TLC plot of /wo/70-DETAs at 365nm on silica in heptane; demonstrating the effect o f chain
length .
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Fig. 5.26 TLC plot of mowo-DETAs at 365nm on silica in methanol; demonstrating the effect of chain 
length.
5.3.4 Effect of stationary phase
Experiments were also carried out on functionalised plates using the High 
Performance Thin Layer Chromatography (HPTLC) technique. These experiments 
were essentially the same as the usual TLC experiments but they used smaller plates, 
acetone as the mobile phase and had faster elution times. Three functionalised plates 
were used: Si-C18 , S1-NH2 and Si-Diol which cover a wide range of polarity. The
conclusions from the traces produced using acetone as the solvent are as follows.
The Ci8 functionalised plate appeared to have the best "sensitivity" to chain length. 
As the chain length increased the compound was increasingly held back by the 
plate (see Fig. 5.27). This again may be due to entanglement of the compound's
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chains with the Cis chains from the plate or a greater level of association in general 
between the chains.
• The NH2 functionalised plate can compete effectively with the acetone for the
polar head groups, especially as the chain length increases and the molecules are 
held back by plate interactions. Therefore the amines are especially held back by 
the NH2 plate, see Fig. 5.28.
• The Diol plate did not distinguish between chain length and all compounds 
appeared to move along the plate equally well.
• As before, after a certain chain length (>C20) the traces of the compounds were 
insensitive to the type of plate that is used.
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Fig. 5.27 HPTLC plot of wowo-DETAs at 365nm in acetone on a Si-C18 plate; to illustrate the effect 
of stationary phase.
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Fig. 5.28 HPTLC plot of /wowo-CgDETA at 365nm in acetone on different plates; to illustrate the 
effect of stationary phase.
5.3.5 Effect of amine headgroup
At the time these experiments were carried out only Cn and Cis compounds 
had been synthesised with different head groups. In both cases, an EDA compound 
and a DETA compound. Unfortunately data is limited for these compounds and 
interpretation has to be treated with some caution. The DETA molecules were more 
attracted to the plate since they are more polar, see Fig. 5.29. However the longer 
chain molecules were observed to move further up the plate which seems to go against 
the trend of the other observations.
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Fig. 5.29 HPTLC plot of wowo-succinimides at 254nm in acetone; EDA vs. DETA .
5.3.6 Effect of additional anhydride groups pendant to the amine
As discussed previously, a compound that contains one anhydride group is 
referred to as a mono- compound, one containing two anhydride groups is referred to 
as a his- compound and one containing three anhydride groups is referred to as a tris- 
compound. At the time of these experiments only Cis mono-, bis- and tris- molecules 
were available (see Fig. 5.30). The mono-compound travelled furthest along the silica 
plate, followed by the 6/^-compound then the iris- compound. The larger compounds 
probably did not travel as far as the mono-compound because their larger masses 
slowed them down relative to the solvent.
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Fig. 5.30 HPTLC plot of wowo-CigDETAs at 254nm in acetone.
5.3.7 General Conclusions
The TLC technique was investigated at some length because it is used as a 
routine industry test for dispersancy. Although there was no sludge present, this 
technique gave a good indication of the types of interactions that occur between the 
dispersant and the stationary and mobile phases of variable polarity. The work has 
shown that the dispersant can interact strongly with the stationary phase if the plate is 
chemically similar in nature to the amine or alkyl moiety. The chemical nature of the 
solvent can also influence the extent of movement up the plate. Although all of these 
effects become less pronounced with increasing chain length Cg-^Cis, as the rate of 
diffusion diminishes roughly in proportion to the volume of the molecule. Commercial 
products have side branches and C 2 0 -5 0  backbone lengths, which would lead one to
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conclude that there would be minimal resolution for these systems in the absence of the 
sludge.
Although it may be premature to draw too many definite conclusions about the 
industrial sludge test from these experiments (owing to the rather small number of 
carbons in the model compound alkyl chains compared with the commercial product, 
and the absence of any sludge in these tests) it is clear that the interaction of the 
dispersant with the stationary phase and solvents is strong and dependent on the 
chemical nature of both. These effects cannot therefore be ignored when attempts are 
made to interpret the results of a “real” sludge test where the dispersant is mixed up 
with the carbonaceous material. However, the TLC tests themselves could be telling 
as much about the interaction between the dispersant and the stationary/mobile phases 
as the dispersancy itself. The presence of sludge may change this as the dispersant 
molecules should show more association with the sludge particles than with the TLC 
plates. TLC or similar tests are widely used in the oil industry for determining the 
effectiveness of dispersants. The reason for their success is that the dispersant has 
already performed its task of limiting the size of the clusters by the time the TLC test is 
used. This situation is not likely to change on the plates and therefore the more finely 
dispersed suspension of carbon particles arising from a good dispersant will move 
further up the plate. Competition of the plate for the dispersant at this stage is 
probably irrelevant as the molecules are not going to have time to re-equilibrate and 
therefore the carbon particle sizes are not likely to change as a result. Also the sludge- 
forming conditions found in the extreme conditions in the engine are quite different to 
those present on the TLC plate.
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5.4 Viscometric testing
5.4.1 Introduction
A well formulated lubricant with appropriate additives and base oil 
characteristics markedly reduces energy losses through a decrease in the friction 
between bearings. The lubricant reduces mechanical friction to 10-20% of the energy 
liberated by combustion of the petrol or diesel. The oil experiences a range of shearing 
environments as it goes through the engine, and there are three types of lubrication: 
boundary lubrication (when the gap between the shearing surfaces is only a few 
molecules thick), elastohydrodynamic lubrication (when the oil is subjected to very 
large pressures for milliseconds, such as in journal bearings) and “normal” or 
hydrodynamic lubrication when the film thickness is large and the shearing conditions 
moderate (<100 s"^ ). The ability of the oil to cope with these very different 
environments is largely determined by its viscosity.
The behaviour of the viscosity of the oil during its lifetime is a good indicator 
of the effectiveness of a dispersant. In this section the results of experiments carried 
out to measure the viscosity effects of the dispersants on model sludge are reported. 
An essential requirement of a satisfactory lubricant is that it should be viscous enough 
to form a continuous film between opposing surfaces when in motion but not too 
viscous to degrade enginè performance. The basic concept of viscosity is shown in 
Fig. 5.31.
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Fig, 5,31 Schematic diagram illustrating the gradual change of velocity within a liquid sheared 
between two solid surfaces with different velocities.
The oil is sandwiched between two parallel plates. One plate is stationary 
while the other plate is drawn at uniform speed over the oil film. The oil adheres to 
both the moving and stationary surfaces (the so-called “stick” boundary condition). 
The oil in contact with the moving surface travels at the same velocity, V, while the oil 
in contact with the stationary surface also remains stationary with zero velocity. The 
oil between the surfaces can be visualised as consisting of many layers each being 
drawn by the layer above it so they travel at varying fractions of velocity, V. The 
velocity of a layer is proportional to the distance of the layer above the stationary 
surface. The resistance to flow, known as viscous drag, is caused by the attraction 
between the molecules within the fluid holding back regions of more rapid flow. 
Therefore, a force, F, must be applied to the moving plate to overcome the “friction” 
between the fluid layers. Since this friction is related to viscosity the force necessary 
to move the plate is proportional to the viscosity of the oil and the area of the surface 
the oil is in contact with. Viscosity can therefore be determined by measuring the force 
required to overcome fluid fnction in a film of known dimensions. Viscosity is often
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reported in centi-Poise (cP) or Pascal second (Pa s) which is the SI unit. The defining 
equations are,
Shear stress = = a  (5.10)
Area m
Fluid Velocity ms  ^ _i
Shear Rate = ------------------=  = s - y  (5.11)
Distance m
Dynamic Viscosity (//) = — = — y = Nm = lOOOcP = \PaS (5.12)
However, it is the kinematic viscosity,v , that is often used to define the 
viscosity of lubricants. This is the quotient of the viscosity divided by the density of 
the oil, giving units in centi-Stokes (cSt). If the density is in kg m'  ^then.
Kinematic Viscosity (K)= = ^  = lO^cSt (5.13)
Fluid Density kgm s
The reason that the kinematic viscosity is often encountered is that this value 
comes directly Jfrom viscometers where the fiuid is allowed to fiow under its own 
weight. An important type of such a viscometer is the capillary viscometer. Flow 
times are measured through glass capillaries with different bores (to cover different 
viscosity ranges) immersed in thermostat baths for temperature control. The 
temperatures usually used for kinematic viscosity measurements of engine oils are 40°C
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and 100°C. The viscosity is proportional to the time it takes the oil level to pass 
between two graduations (A and B) on the tube (see Fig. 5.32).
Stopper
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mark
Etched ring B
 Etched ring A
Lower filling 
mark
Fig. 5.32 A schematic diagram of a capillaiy (U-tube) viscometer
The kinematic viscosity is determined using equation (5.14)
8FL
(5.14)
where, r  is the capillary radius, 1 is the mean hydrostatic head, L is the capillary length, 
V is the flow volume and t is the capillary flow time.
The shear rate in glass capillary viscometers is less than 10s"\ although it can 
be increased using a high-pressure capillary viscometer. An applied gas pressure 
forces a fixed volume of fluid through a small diameter glass capillary. Depending on
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the pressure exerted on the fluid the shear rate can be as large as up to 10V\ This 
technique is used to simulate the viscosity of motor oils in operating crankshaft 
bearings. This viscosity is called high-temperature high-shear (HTHS) viscosity and is 
generally measured at 150°C and 10^s’\  There are many other types of viscometers in 
use in engine oil testing; for example, rotating cylinder “bob and cup” designs.
Viscosity plays a major role in the performance of engine oils and any 
component that increases the viscosity of the oil to any significant extent will prove 
detrimental to the performance of the oil within the engine. It is known that when 
large quantities of sludge form in an engine the viscosity of the oil is significantly 
increased causing problems such as large power losses due to churning, greater fluid 
friction and excess pressure within the bearings which can eventually lead to engine 
seizure. The effectiveness of the dispersant is primarily noticed in the viscosity which 
is measured as part of the Mack T-8 engine test. It is this property that provides a link 
between the laboratory and the engine tests. It was considered that a laboratory scale 
determination of the effects of dispersant on the viscosity of the carbonaceous 
dispersions in the oil should provide some indications of the effectiveness of the 
compounds in the engine itself. In an engine the dispersant is important during the 
early stages of floe growth. In the experiments described below the dispersant is 
added to a carbon paste comprised of already formed floes. Nevertheless, there still 
should be an effect on the viscosity as the dispersant should be effective in separating 
the floes and increasing the viscosity of the suspension in the process. This process is 
illustrated in Fig. 5.33.
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Fig. 5.33 Illustration of the mechanism leading to an increase in viscosity due to separation of the 
carton floes by a dispersant.
The schematic diagram shows that the attachment of the dispersant molecules 
to the carbon particles in the paste. A good dispersant will increase the effective 
volume fraction of the particles leading to an increase in the viscosity caused by 
expansion of the carbon particle matrix. Therefore, perhaps ironically, we are looking 
for an increase in viscosity of the paste as a measure of a good dispersant. In the 
engine it is this behaviour that prevents cluster growth and leads to a low viscosity for 
a good dispersant, as the weak floes generated in a good dispersant containing oil will 
have a low viscosity under the flow conditions in the engine. The finely dispersed 
particles will be readily separated as the oil is circulated through the engine.
5.4.2 Method
As mentioned above the aim of this test was to evaluate the viscosity changes 
of oils on incorporation of carbon black. Firstly, two commercial dispersants of known 
Mack-T8 performance (one good and one bad) were tested with varying percents of 
carbon loading to obtain the ‘optimum’ percent carbon loading (i.e., where the
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maximum difference in viscosity was noted) which distinguished between the two 
dispersants. The carbon was added to an oil mix (90% 150 solvent neutral and 10% 
500 solvent neutral base oil) in a paste form and six pastes were prepared with varying 
ratios of carbon to oil. Two sets of oil blends for each dispersant were then run. The 
first, case a, contained the pure oil mix, dispersant and carbon paste, the second, case 
b, contained an additive pack, dispersant and carbon paste (i.e., the oil mix is replaced 
by the pack in case b while all the other components remain the same). The additive 
pack consisted of the oil mix described above containing detergent, anti-wear and anti­
oxidant additives. This was to evaluate the dispersancy contributions of other 
additives in the pack. A list of the percentage of each component present in the oil 
blends for cases a and b is shown in Tables 5.5.
Table 5.5 Table showing the various compositions of the different components in the oil-carbon mix. 
-cases a and b.
Mass of 
(a) Oil Mix or 
(b) Pack (g)
Mass of 
Dispersant 
(g)
Paste C:Oil 
Ratio by 
Mass
Mass of 
Paste 
Added (g)
Mass of 
Oil from 
Paste (g)
Mass of 
Cffom 
Paste (g)
Total
Mass
(g)
%C
Loading
81.5 6.5 0:100 12 12 0 100 0
81.5 6.5 4:96 12.5 12 0.5 100.5 0.5
81.5 6.5 8:92 13 12 1.04 101 1.03
81.5 6.5 14:86 13.95 12 1.95 101.95 1.91
81.5 6.5 20:80 15 12 3 103 2.91
81.5 6.5 25:75 16 12 4 104 3.85
Once the optimum carbon loading was obtained more commercial dispersants 
and some model dispersants were tested at this level of carbon loading and the
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viscosity increases were compared. The compositions of the commercial dispersants 
used is given in Table 5.2. The viscometry readings for each oil blend were measured 
in quadruplet using four RF3 reverse flow (U-tube) capillaiy viscometers (shown in 
Fig. 5.32) at 100°C. This ensured flow times were between 200 and 400 seconds. The 
viscometers had to be clean and dry before use and only one timing per filling could be 
taken with this type of viscometer. The viscometers were filled up to the upper filling 
mark with sample and placed vertically in holders in the viscometer bath so that the 
upper filling mark was approximately 3cm below the surface of the bath liquid. Afl;er 
five minutes the stoppers were adjusted so that the samples were allowed to flow until 
they reached the lower filling mark on their respective viscometers. Then, where 
necessary, more sample was added so that the oil surfaces were just below the upper 
filling mark. After the viscometers had reached the bath temperature (15 minutes) the 
stoppers were removed and the flow time (in seconds) between the two etched ring 
marks (A and B) were recorded for each sample. Flow times were converted into 
viscosities (cSt) by multiplying by the appropriate constant (cSts‘^ ) for each 
viscometer. The viscosity of each blend containing 0% C is the solvent viscosity, Tjo, 
for that blend composition. The solvent viscosity was subtracted from subsequent 
viscosities of the blends containing carbon to obtain the viscosity increase, T^;, due to 
carbon incorporation. The viscosity increase was then divided by the solvent viscosity 
for each blend to obtain the relative viscosity increase (RVI) which is usually referred 
to as the specific viscosity, iisp.
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The specific viscosities for each dispersant were then compared to evaluate if any 
trends were apparent.
5.4.3 Results and conclusions
The viscosities for the carbon incorporation experiments show that the 
optimum carbon loading, where the greatest separation between the viscosities 
between a good dispersant (dispersant A) and a bad dispersant (dispersant D) was 
observed for both case a without pack and case b with pack, was around 2% (see Fig. 
5.34).
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Fig. 5.34 Plot of carbon«2ncorporation against relative viscosity increases for a good and bad 
commercial dispersant with and without pack.
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This is perhaps not surprising as at lower carbon loadings all dispersants should 
be able to disperse these relatively small amounts of carbon equally well and at higher 
concentrations there are so many carbon particles that it is possible that at narrower 
points along the capillaiy the carbon particles may hinder the flow of the oil and alter 
flow times and it therefore becomes difficult to discern the effect of the dispersant. 
Therefore the remaining experiments were carried out at 2% carbon loading and the 
viscosity increases were compared to viscosity increases measured during the Mack-T8 
engine test (see Table 5.6) to establish if any trends were apparent that could rank the 
dispersants. (The Mack T-8 test uses a Mack 12 litre in line 6 cylinder engine to 
evaluate oil thickening. The test lasts 250 hrs and runs at an engine speed of 1800 rpm 
with a fuel rate of 795kW and a power output o f258 kW. It is designed to run on low 
sulphur diesel fuel (0.04%) and was developed to meet the 1994 emissions targets.)
Table 5.6 Comparison of viscosity increases measured in laboratory based and engine tests.
Mack-T8 
Viscosity increase
Relative 
Viscosity Increase 
without pack
Relative 
Viscosity Increase 
with pack
Dispersant A 4cSt 0.085 0.164
Dispersant B 9.3 cSt 0.079 0.14
Dispersant C 19.1 cSt 0.075 c 0.143 r V
Dispersant D 40 cSt 0.069 0.116
It can be seen from Table 5.6 that there is a general inverse trend in the 
laboratory viscometry test when compared to the engine test results (i.e., the higher the 
RVI in the laboratory tests the better the dispersant). This is supported by comparing 
the RVI’s of the commercial dispersant for cases a (without pack) and case b (with
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pack). It can be seen from Table 5.6 that the addition of other additives (in the pack) 
almost doubles the RVI. This is not surprising as the detergent present in the pack 
also has significant dispersancy abilities which complements those of the dispersant. 
The inverse relationship between the laboratory test and the engine test is possibly 
because during the engine test the dispersant acts on the smaller primary carbon 
particles (20-80nm) stabilising them and stopping them from aggregating. In this 
situation the better the dispersant is the more effectively the particles are stabilised. 
Therefore, smaller particles are present which may form weak floes that are easily 
broken down during engine flow and a small viscosity increase will be observed due to 
this flocculation. In an engine test a bad dispersant will not be able to stabilise the 
primary particles as well so larger particles will form which when flocculated will cause 
a larger viscosity increase. Conversely, in the laboratory test the carbon particles used 
were much larger (<149|Lim) than the primary particles in an engine test. In this 
situation the dispersant can no longer prevent particle growth and can only expand the 
existing assembly of carbon particles (but by exactly the same method as above). 
Therefore, the better the dispersant the more effectively the collection of particles will 
be separated causing this time in contrast a higher viscosity increase because of an 
overall expansion of the assembly of particles. After evaluation of the test with 
commercial dispersants six model dispersants were also tested at 2% carbon loading 
without pack (i.e., case a) to evaluate their relative dispersive powers. The results can 
be seen in Table 5.7.
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Table 5.7 Viscosities of model dispersant blends at zero% and 1.91% carbon loading and their 
subsequent relative viscosity increase: case a.
Viscosities of model succinimide blends without pack
C18mdeta CISbdeta CIStdeta CISmdpta C18bdpta C18tdpta
0 % C 6.65 6.32 6.56 6.23 6.16 6.46
1.91%C 7.4 6.96 7.17 6.85 6.76 7.02
RVI 0.113 0.101 0.093 0.100 0.097 0.087
Table 5.7 shows that relatively the wowo-succinimides are predicted to be 
better dispersants than the more highly substituted succinimides for both the DETA 
and DPTA molecules. This is in line with accepted behaviour in the oil industry. 
However, there is a comparatively small spread in performance between the various 
model succinimides compared to the commercial succinimide performances. This is 
probably be due to the fact there is little difference between the shorter and more 
flexible chains. Therefore to summarise the laboratory scale viscometry test does 
appear to offer a promising measure of the effectiveness of dispersants which correlate 
well (but note in an inverse sense) with the engine tests.
5.5 Summary
The adsorption studies provided a significant insight into the adsorption 
behaviour of the succinimides fi-om solution onto a carbonaceous surface. The H/S 
shaped profiles obtained indicated that the succinimide molecules had a high affinity for 
the carbonaceous surface and also that there is evidence of strong interactions between
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the succinimide chains on the surface which aids the adsorption process and possibly 
the stabilisation of the carbon particles. Continued adsorption, particularly at stronger 
solution concentrations, indicates that the succinimides also show significant evidence 
of multi-layer formation which is not seen in the methylene blue, MB, isotherm 
indicating again that there are strong interactive forces between the succinimide 
molecules. The molar quantities adsorbed to form a plateau in the adsorption curve for 
the various molecules followed the trend: MB>model succinimides>commercial 
succinimides. This suggests that the succinimide molecules are excluded from many of 
the smaller pores and that, particularly for the commercial dispersants, the area 
occupied on the surface is significantly larger than the values estimated from the 
Langmuir trough experiments. This may be due to the “sweeping-out” of the 
hydrocarbon tails over the solid carbonaceous surface, a mechanism that is perhaps not 
possible at the more mobile water surface.
The TLC technique gave a good indication of the types of interactions that 
occur between the dispersant and the stationary and mobile phases. Independently 
varying the polarity of these phases showed that the dispersant can interact strongly 
with the stationary phase if the plate is chemically similar in nature to the amine or 
alkyl moiety and similarly the chemical nature of the solvent can also influence the 
extent of movement up the plate. Thus, it is clear that the interaction of the dispersant 
with the stationary phase and solvents is strong and dependent on the chemical nature 
of both. However, all of these effects become less pronounced as the chain length 
increases which means that these effects will be less evident for the commercial 
products (backbone chainlengths up to C 5 0 ) .  Although there are obvious interactions 
between the model dispersants and the plate/solvent systems these effects may be
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altered with the presence of sludge as the dispersant molecules should show more 
association with the sludge particles than with the TLC plates.
In the development of a laboratory based dispersancy test the viscometry 
studies showed promising results. It was found that there was generally an inverse 
trend between the laboratory viscometry test and the engine test results. This was 
explained by the differences in the stabilising/flocculation processes that occur in an 
engine compared to the artificial laboratory environment. The ranking of some model 
succinimides by the viscometry test predicted that the /wo«o-succinimides would be 
better dispersants than the more highly substituted succinimides for both the DETA 
and DPTA molecules, which is what is found in the oil industry. There were relatively 
small differences in the predicted performances of the various model succinimides 
possibly due to the fact that there is little difference between their molecular 
architectures and that longer more rigid hydrocarbon tails are necessary. However, the 
predicted effectiveness of the commercial dispersants in the viscometry experiments 
correlated well with the results of the engine tests. Therefore, the viscometric tests 
devised for this work and discussed in this chapter could form the basis for tests to 
screen potential engine oil dispersants prior to their evaluation in more expensive 
engine tests.
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CHAPTER SIX:
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6.1 Introduction
The purpose of computational chemistry is to use a computer to assist in 
understanding and modelling the properties of molecules at the electronic or atomistic 
level of description. Quantum chemistry codes are used to calculate the energy levels 
in the molecules. In contrast. Molecular Simulation (e.g.. Molecular Dynamics (MD) 
or Monte Carlo (MC)) is used to generate the atomic positions of the molecular system 
over a representative set of positional or conformational states, assuming that the 
effects of the electrons can be accounted for using parameterised atom-atom 
potentials. Molecular simulation is becoming more widely used as a result of the great 
advances in available computing power over the last decade (especially with the advent 
of the desktop workstations). It can give unparalleled molecular detail on structural 
and dynamical processes that can rarely be achieved experimentally. The results are 
only as good, however, as the quality of the model parameters - principally the pair 
potentials. Many person-years are being devoted by academics and commercial 
companies in developing and refining these parameters.
6.2 Theory of molecular modelling
The most basic of the molecular modelling techniques is Molecular Mechanics 
(MM) and for this reason it will be discussed first.
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6.2.1 Molecular mechanics
Molecular mechanics, MM, represents the energy state of a molecule by a set 
of classical potential interactions of simple analytical form which is knowvas a “force- 
held”. Using this simplification the possible geometries or conformations of the 
molecule can be calculated without the need for great computational power. The MM 
method performs a mathematically sophisticated search through the various molecular 
conformations to find the one with the lowest energy. There is no kinetic energy in the 
model (hence its description as a “zero-Kelvin” (OK) technique). It is usually 
performed on isolated molecules in the vacuum state but can also be applied to groups 
of molecules (although the latter is usually performed using Molecular Dynamics or 
Monte Carlo simulations on molecules that have been individually “minimised” by 
MM). Simulations of the starting states of the model dispersant systems were 
performed using MSI molecular mechanics based software. The force-field describes 
the ability of bonds to stretch, bend and twist as shown in Fig. 6.1
T orsion
Bond
stretching-
Angle 
Bending
N o n —B on d ed  In tera c tio n s  
Fig 6.1 Schematic diagram illustrating the various bond interactions that constitute the force-field.
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Non-bonded atoms (greater than two bonds apart) interact through van der 
Waals (VDW) attraction, steric repulsion and electrostatic attraction/repulsion if the 
atoms contain partial charges. The atoms are considered to be spheres with 
characteristic radii chosen according to atom type. The objective of molecular 
mechanics is to predict the minimum energy and associated conformation of a 
molecule. However, molecular mechanics energies themselves have no meaning as 
absolute quantities as they do not include the energies of the undeformed bonds. Only 
differences in energy between two or more conformations have practical meaning A 
typical molecular mechanics energy equation for the energy of the whole molecule 
would involve the sum of the following terms,
Energy=Stretching Energy+Bending Energy+Torsion Energy+Non-Bonded Interaction Energy
The functional form of the total energy together with the parameters required to 
describe the behaviour of different kinds of atoms and bonds (the “force-field”) is 
composed of individual terms which are considered in detail below.
6.2.1.1 Stretching energy
The bond vibrational energy (stretching energy) is based on a Hooke's law 
representation given in equation (6.1).
E='Ek^(r-r.y (6.1)
b o n d s
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The kb parameter controls the stiffiiess of the bond spring, while ro defines its 
equilibrium length. Unique kb and r» parameters are assigned to each pair of bonded 
atoms from a look-up table and based on the atom types (e.g., C-C, C-H, C-0, etc.). 
Note that when r=ro this energy is zero and therefore equation (6.1) only represents 
the additional energy arising from the distortion of the bond from its equilibrium value 
(i.e., r=ro). This is why the energies obtained by these functions have no absolute 
meaning in a thermodynamic sense.
6.2.1.2 Bending energy
Bond angle bending involves three atoms and is also based on Hooke's law, this 
time involving the bond angle, the mathematical equation of which is shown in 
equation 6.2.
(6.2)
b o n d s
The ke parameter controls the stiffness of the angle bend, while Go defines the 
equilibrium angle. The effect of the kb and ke parameters is to govern typical 
departures that the bond length or angle can make from its equilibrium value that 
would result in thermal motion. The larger the values of kb and ke, the smaller these 
departures will be. Unique parameters for angle bending are assigned to each bonded 
triplet of atoms based on their types (e.g., C-C-C, C-O-C, C-C-H, etc.).
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6.2.1.3 Torsional energy
The torsional interaction involves the rotation of a segment of a molecule 
around a dihedral angle and the energy can be represented by equation (6.3) which 
involves a simple periodic function (shown also in Fig. 6.2).
E = ^  A[1 + COS(M T  -  O)] (6.3)
torsions
Where the parameters. A, n and O can be determined by curve fitting to 
quantum mechanical calculations. A, determines the amplitude of the curve, n the 
periodicity of the curve (i.e., there are more peaks in 360° with increasing n) and 0  
fi^ om the shift of the entire curve along the rotation angle axis (x). 0  can be used to 
synchronise the torsional potential to the initial rotameric state of the molecule. These 
parameters are assigned to each bonded quartet of atoms based on their atomic number 
(e.g., C-C-C-C, C-O-C-N, H-C-C-H, etc.).
,CH:
0 .9
Kcal
Kca
0 60 120 180 240 3 6 03 0 0
CH3-CH3 Torsion Angle (degrees)
Fig. 6.2 Simple periodic fimction showing the change in torsional energy due to bond rotation for butane.
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6.2.1.4 Non-bonded energy
The non-bonded term represents the energy of interaction between atoms that 
are not joined by chemical bonds. This energy is usually calculated as the sum of 
Lennard-Jones “6-12” and coulombic pair potential terms,
VDW/repulsion term electrostatic term
The non-bonded energy accounts for electron short range repulsion VDW 
attraction and electrostatic interactions. The VDW attraction for small molecules is a 
relatively short-range effect and dies off rapidly to an insignificant value as the 
interacting atoms move to more than «10Â apart. Repulsion occurs when the distance 
between interacting atoms becomes less than the sum of their contact radii and is 
represented by the r^  ^term above. The analytic forms chosen for the individual terms 
in equation (6.4) ensures that there is a smooth transition between the 
attraction/repulsion regimes, as illustrated in Fig. 6.4. The last term in equation (6.4) 
represents the coulombic interaction between the partial charges on the atoms. Atoms 
in a molecule generally cany a net charge even though the net charge on the molecule 
is zero. These so-called partial charges may be calculated by aè-zw/ï/o quantum 
mechanical programs such as Gaussian94. They can also be assigned to atoms on 
molecules in the MM code. One of the major problems with partial charges is that 
they are known to change from molecule to molecule e.g., the partial charge of oxygen 
in methanol will be different to its value in acetone (in addition the partial charge is 
also sensitive to conformation). This variability of partial charge for a particular atom
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from molecule to molecule is known as *non-transferability”. The ability to account 
for these effects in an in-built parameter set is the measure of a good quality computer 
code.
Energy
Separation, r
Nuclear and
electronic Equilibrium Small
repulsion
dominant
overlap
Fig. 6.4 Potential energy curve.
A and B (in equation (6.4)) control the depth and position (interatomic 
distance) of the potential energy well for a given pair of non-bonded interacting atoms. 
The parameter A determines the scale of the VDW attraction and B determines the 
effective hard-core diameter. The parameter A can either be obtained from atomic 
polarisability measurements, or calculated from quantum mechanics computer codes. 
The value of B is typically derived from crystallographic data so that the observed 
average contact distances between the two atoms in different crystals is reproduced. 
The last term in equation (6.4) as discussed already represents the electrostatic
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contribution. The electrostatic energy is a function of the (partial) charge on the non- 
bonded atoms, qi, their interatomic distance, r, and relative permitivity (e j that 
accounts for the attenuation of electrostatic interaction by the environment (e.g., 
solvent or the molecule itselQ. (So is the permitivity of free space). Often, 8r is set to a 
constant value between 1.0 and 5.0 to represent the effect of intervening atoms which 
attenuate the Coulomb interaction. A linearly varying distance-dependent permitivity 
(i.e., s(r) oc r) is sometimes used to account for the intervening bulk material as the 
separation distance between interacting atoms increases.
The forces involved in physical adsorption include both van der Waals forces 
(dispersion-repulsion) and electrostatic interactions (polarisation, dipole and 
quadrupole). The attractive potential, ([)d, from the van der Waals energy arising from 
the dispersion forces between two isolated atoms was represented in the computer 
program.
where ru  is the distance between the centres of the two interacting molecules 1 and 2, 
and Ai, A2 , and A3 are constants. The first term in the expression is always dominant 
and arises from the coupling between instantaneous induced dipoles. The second and 
third terms represent induced dipole-induced quadrupole and induced quadrupole- 
induced quadrupole interactions, respectively. The short range repulsive energy, ^r, 
arising from the finite size of the atom is represented by a twelfth-order inverse power 
expression.
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(6.9)
Neglecting the higher order contributions to the dispersion energy and combining the 
inverse sixth power to Equation (6.9) leads to the Lennard-Jones potential.
As
\ r \ r
(6.10)
where e is the attractive force constant and a  is the repulsive force constant. An 
illustration of the Lennard-Jones potential is shown in Fig. 6.5.
4)
0
Fig. 6.5 The Lennard-Jones potential.
The interaction between two different atoms is generally represented by the 
arithmetic mean of a  and the geometric mean of e (the so-called Lorentz-Berthelot 
mixing rule).
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While the initial positions of the molecules were created using Molecular 
Mechanics, the exploration of conformational space was achieved subsequently using 
both Molecular Dynamics (MD) and Metropolis Monte Carlo (MC). These two latter 
techniques have temperature effects incorporated in them and are therefore more 
realistic and more suited to model large assemblies of interacting molecules at ambient 
temperature where thermal effects are important in determining the structure.
6.2.2 Molecular Dynamics (MD)
The MD technique samples the many possible positions that the molecules can 
take up by solving their equations of motion, according to Newton’s second law of 
motion F=ma. The rate and direction of motion (velocity) are governed by the forces 
that the atoms of the system exert on each other. In practice, the atoms are assigned 
initial velocities that conform to the total kinetic energy of the system, which in turn, is 
dictated by the desired simulation temperature. The basic ingredients of molecular 
dynamics are the calculation of the force on each atom, and from that the position 
change of each atom throughout a specified period of time called the time step (which 
is typically ~10*^ s^). The force on an atom is calculated fi-om the change in energy 
between its current position and its position a small distance away. This is the 
derivative of the energy with respect to the change in the atom's position and can be 
calculated analytically by the program from the various energy terms.
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dr,
= K (6.5)
First, the atomic accelerations are computed from the forces and masses. The 
velocities are next calculated from the accelerations based on the following 
relationship:-
dv.a, =
dt (6.6)
Then the new positions are calculated from the velocities,
dr
V.. =
dt (6.7)
The trajectory of states separated by time steps of At is often generated using the 
Verlet "leapfrog" method whose steps are.
1 solve for a t t  using:
2 update at t  + At/2 using:
3 update r- a t t  + At using:
- = F; = m- a-(t)dTj 1 1 1
V .(t + At/2) = V .(t  -  At/2) + a.(t) At 
r.(t + At) = r.(t) + v.(t + At/2) At
The method derives its name from the fact that the velocity of each atom is 
determined as a modification of the velocity At back in time. Molecular dynamics has 
no defined point of termination other than the amount of time that can be practically 
covered. Unfortunately, with current computer power the simulations are typically 
limited to more than a few nanoseconds which may not be long enough to follow all of 
the conformational changes that can occur in large molecules. The Monte Carlo 
technique will be described in section 6.3.3.
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6.3 Simulations carried out on the succinimide molecules
The interaction of the succinimide molecules with carbonaceous substrates is of 
obvious interest and therefore simulations were carried out looking at these 
interactions and the adsorption of succinimides on carbonaceous surfaces. The 
enthalpy of adsorption (the heat released per mole on adsorption) provides a direct 
measure of the strength of the bonding between the adsorbate and the surface. Since 
an adsorbate molecule has restricted rotational and translational degrees of freedom 
when adsorbed on the surface compared to a “free” molecule in solution, the entropy 
of the adsorbed molecule, Sads, must be less than the entropy of the free molecule, S^ ee. 
Therefore the entropy change on adsorption, AS, must be negative and in order for 
significant adsorption to occur the free energy change on adsorption, AG, must also be 
negative. This requires that AH be negative (i.e., exothermic adsorption) as AG=AH- 
TAS.
6.3.1 MD simulations.
Interactions of model and commercial succinimide molecules with 
carbonaceous surfaces were modelled using graphite and large fullerenes as prototype 
engine sludge particles. However, as the succinimides are attracted to the sludge 
particles because of interactions with “charged” species, such as oxygen on the surface
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of the particle, the graphite and fullerene surfaces had to be modified to make them 
more “attractive” to the succinimides. The graphite surface was “charged” by 
incorporation of an epoxy oxygen in the centre of surface, as shown in Fig. 6.6, and 
will now be referred to as oxy-graphite. The fiillerenes were “charged” by the 
incorporation of a calcium ion in the centre of the fiillerene sphere (seen in Fig. 6.7).
Fig. 6.6 Oxy-graphite surface used in MD simulations.
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Fig. 6.7 A Ceo fullerene with a calcium ion incorporated in the core.
The range of fullerenes Ceo, C?o, C240, C540, C960 and C1500 were investigated to 
determine at what stage in sludge particles growth the succinimides stabilise the 
particles to prevent further growth.
6.3.2 MD results and discussion.
The total energy of a system without any interactions would equal the sum of 
the energies of each component in the system. Adsorption energies for the adsorption 
of model succinimides onto the oxy-graphite surface were calculated by summing the
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energies of the individual minimised molecules and subtracting the energy obtained 
from the MD simulation, i.e., Eads=Esuc+suir(Esuc+Esuif),shown in Table 6.1.
Table 6.1 Adsorption energies o f model succinimides onto an ojq^-graphite surface.
Model Succinimide Adsorption Energy 
(kJ/mol)
/wowo-CsEDA +229.3 (0.23)
WOM0-C12EDA +307.9(0.31)
TMOMO-CigEDA +377.4 (0.38)
wowo-CgDETA -13116.8 (13.12)
/wowo-CnDETA -13094.7 (13.09)
Twowo-CigDETA -13095.5 (13.10)
wowo-CgDPTA -13139.0 (13.14)
7W0«0-Ci2DPTA -13094.7 (13.09)
/wowo-CigDPTA -13091.3 (13.09)
67J-CigDETA +647.3 (0.65)
to-CigDETA +1205.4 (1.21)
The adsorption energies calculated from the oxy-graphite-succinimide 
simulations were significantly higher than would be expected probably because of the 
idealised nature of the model. Nevertheless, some useful conclusions can be made 
from a comparison between the values. It can be seen from Table 6.1 that the 
adsorption of mono-'DETA and mono-T>?TA molecules was much more favourable 
than the adsorption of the mono-EDA compounds or the bis- and tris- compounds. 
This suggests that the number and type of “free” nitrogens (shown in Table 6.2) play
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an important role in the adsorption of these dispersants. The ability of these molecules 
to adhere to the surface increases with the number of N-atoms.
It can be seen from Tables 6.1 and 6.2 that primary amines have stronger 
adsorption capabilities than secondary amines (by comparing a mono-EDA and a bis- 
DETA which have one primary “free” nitrogen and one secondary “free” nitrogen 
available for interactions respectively). However, the huge difference in adsorption 
energy between the mono-EDA and the mono-E>ETA compounds suggest that 
increasing the number of available nitrogens (by even one) has a marked effect on 
adsorption capabilities. Therefore, it seems that it is the number rather than the type of 
available nitrogens that has the greatest influence on adsorption capabilities as 
illustrated by comparing the adsorption energies of mono- bis- and /rw-CigDETA 
compounds (see Table 6.2 and Fig. 6.8). The distance between the nitrogen groups 
seems to have little effect illustrated by comparing the adsorption energies of the 
mono-E>EEA compounds (separated by an ethyl link) with the mono-E>?TA 
compounds (separated by a propyl link). The poor adherence of the bis- and tris- 
compounds in the simulations is probably because of the limited polarity of the model 
surface. A real sludge particle will contain strongly charged ions as well as oxygen 
atoms. Nevertheless these simulations do indicate forcefully the strong potential for 
surface adsorption of the high-N content mono- succinimides. In fact they are known 
in the oil industry to make the best dispersants, but are limited in their application 
because of other detrimental consequences for the rubber engine seals.
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Table 6.2 The number and types o f nitrogens available for interaction with a carbonaceous surface.
Type of Model Total number Types of Number of
Succinimide ofNitrogens Nitrogens ‘free Nitrogens’
mono-EDA 2 1 -NH2 (Primary) 1
1 >N- (Tertiary) 0
mono-'DEIA 3 1 -NH2 (Primary) 1
1 -NH- (Secondary) 1
1 >N- (Tertiary) 0
mono-EVTA 3 1 -NH2 (Primary) 1
1 -NH- (Secondary) 1
1 >N- (Tertiary) 0
his-ElEYA 3 1 -NH- (Secondary) 1
2 >N- (Tertiary) 0
tris-EETA 3 3 >N- (Tertiary) 0
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Fig. 6.8 Snapshots of the adsorption of CigDETA compounds onto oxy-graphite. This figure shows 
the decreasing adherence to the oxy-graphite surface for the mono- through to tris- CigDETA 
compounds.
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The fullerene simulations did not produce any quantitative information but gave 
an opportunity to visualise the formation of the steric layer around a curved surface 
which governs the stabilisation process. It was observed that the dispersants did not 
interact with the smaller fullerenes (<C%o) however as the fullerenes became larger the 
dispersants began to interact with them (see Fig. 6.9).
Fig. 6.9 Figure showing that the dispersant molecules are attracted to the larger C l500 “charged’ 
fullerene but show no attraction to the smaller C60 ‘charged’ fullerene.
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This is possibly suggesting that the fullerenes (carbon particles) need to reach a 
certain size for the dispersants to be able to wrap around and stabilise them 
effectively, i.e., the radius of curvature of the carbonaceous particle is important with 
respect to dispersant interactions.
Due to limitations in computational power, solvent molecules were not 
included in these simulations. Nevertheless, these simulations illustrate the potential 
that molecular modelling has to advance the knowledge in dispersancy phenomenon, 
although this will require much more dedicated studies.
6.3.3 Sorption simulations
Using the Cerius^ software Monte Carlo (MC) calculations were carried out 
using the module ’^ SorptioTf to complement the results obtained from the MD 
simulations on the interactions between single dispersant molecules and the oxy- 
graphite surface described in section 6.3.1. Instead of evaluating forces to determine 
atomic trajectories, MC simulations displace the atomic positions based on the 
criterion whether or not the altered structure is energetically feasible at the temperature 
stipulated. Therefore, the molecules have a tendency to change more abruptly from 
conformation to conformation in MC rather than evolving smoothly through space in 
small time steps (as is the case in MD). The important aspect of MC simulations is the 
relative energy of the system before and after the change in conformation. Although 
MC simulations cannot provide time-dependent quantities it can be more efficient than
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MD in estimating average thermodynamic properties for which the sampling of many 
system configurations is important. Sorption calculates the VDW and Coulomb energy 
of the sorbate/surface system. The VDW energy is calculated by summing all pair 
interactions within a specified sphere, the radius of the sphere is determined by the 
interaction truncation distance which is typically «10-15 Â.
The Sorption simulations allowed the sorbate molecule to approach a surface 
through many steps where the orientation and position of the sorbate molecule 
changed with each step. The initial configuration was generated by placing the sorbate 
molecule in an arbitrary position. Each subsequent configuration was generated by 
either a small random translation or rotation of the sorbate molecule governed by move 
transition probabilities with maximum translation and rotational step sizes. The step 
size values were adjusted automatically during the course of the simulation in order to 
achieve the desired acceptance rate (equilibrium) of c.a. 50% according to usual 
Monte Carlo practice. The surfaces generated in the simulations have periodic 
boundary conditions so the sorbate is in fact between two surfaces, i.e., in a slit pore 
illustrated in Fig. 6.10.
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Single surface
Surface with periodic boundary conditions
Fig. 6.10 Illustration to show the difference between a single surface and a surface with periodic 
boundary conditions (slit pore).
The type of Sorption simulation used is known as a “fixed loading” procedure 
which only allows one sorbate molecule to be created so the system remained constant 
in composition throughout the simulation. Only the positions and orientations of the 
sorbate molecule are changed with each step. This simulation therefore evaluated the 
favoured orientation of the sorbate molecule on the surface. Each generated 
configuration was accepted or rejected using a Metropolis algorithm based on the 
configurational energy change.
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P = min l;exp
I'k T /
(6.8)
where, P is the probability of a move being accepted, AE is the interaction energy 
change of the new configuration minus that of the previous configuration, k is the 
Boltzmann constant, T is the temperature of the simulation in Kelvin (K). If the 
change in energy (AE) resulting fi-om the move is negative, the new configuration was 
automatically accepted. If the move resulted in an energy increase (AE>0), the
Boltzmann factor, , was computed and compared to a randomly
generated number between zero and one. If the random number was less than the 
Boltzmann factor, the trial state was selected, otherwise it was rejected. This process, 
which is known as the “Metropolis” acceptance criterion ensures that those states 
generated with a higher interaction energy than the original state’s energy are chosen, 
but with a decreasing probability as the energy difference increases. The simulation 
took a number of steps to equilibrate fi*om its initial position which was seen in the 
convergence of the configurational energy.
6.3.4 Sorption results and discussion
Sorption runs were made on a model oxy-graphite surface with some of the 
model succinimides to see how the adsorption energies compared with those obtained 
fi-om the MD simulations. The simulations were run for 500,000 steps which gave the 
system an opportunity to reach equilibrium (typically equilibrium was reacWafier 
around 50,000 steps, see Fig. 6.11).
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Fig. 6.11 Plot of energy vs. number of steps for a typical sorption run showing the “time-scale” of 
equilibrium.
The mass distribution of the favoured positions of the sorbate molecule on the 
oxy-graphite surface can be viewed using a mass distribution plot. The distribution is 
projected down a particular axis in the periodic cell which is divided into evenly into 
“bins” (sections of the cell area). The number of molecules having centres that fall 
within each bin is counted and displayed onto a mass distribution graph, an example of 
which is shown in Fig. 6.12.
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Fig. 6.12 The distribution of the positions of the sorbed molecule onto an oxy-graphite surface for a 
sorption simulation of a model succinimide. Each red dot corresponds to a sorbate position with an 
accepted energy. This shows the favoured region around the charged area surrounding the oxygen in 
the oxy-graphite surface.
The mass distribution plot shows the favoured positions of the succinimide 
molecule on the oxy-graphite surface. The average position corresponds to the 
“charged” area around where the oxygen atom is incorporated into the graphite 
structure^ Illustrating again that the succinimide is attracted to the polar species on the 
carbonaceous surfaces. The adsorption energies of some of the model dispersants are 
shown in Table 6.3.
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Table 6.3 The adsorption energies of model succinimides obtained from “fixed- 
loading” sorption simulations.
Dispersant Adsorption Energy (kJ mof^)
mono-CgDETA -100.0
mono-CnDETA -132.7
mono-CigDETA -147.8
bis-CigDETA -154.1
tris-CigDETA -100.6
It can be seen from Table 6.3 that the energies are considerably lower than 
those from the MD simulations, however the general trend remains the same. The 
numbers are more reasonable than those provided by the MD simulations. They again 
show that the tris- compound has a low adsorption energy whereas the bis- and mono- 
compounds are more strongly adsorbing. This is reasonable as these less substituted 
molecules are less sterically hindered in the headgroup region and can therefore 
interact more effectively with the polar group on the surface. The computer program 
reveals a strong sensitivity of adsorption to chain length, which reflects the greater 
VDW association with the surface allowable for longer chains. Pictures from the 
sorption simulations are shown in Fig. 6.13.
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mo/7o-Cgdeta
mo«o-Ci2deta
wowo-Cigdeta
Fig. 6.13 Snapshots from the sorption simulations of the mono-àQta succinimides
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The snapshots show that the succinimide molecules tend to lie with their tails 
flat against the carbon surface instead of being perpendicular. This is not unexpected 
as without the presence of solvent for the hydrocarbon tails to interact with the VDW 
attractions between the hydrocarbon tails and the graphitic surface will lead to the 
observed parallel alignment. With solvent molecules present the succinimide tails 
would have been more thermodynamically stable projecting into the bulk of the 
solvent.
6.4 Summary
The simulations showed some encouraging trends. The programs (both MD 
and MG) produced adsorption. Although the energies of adsorption were quite 
different, the relative ranking of the molecules was similar, suggesting that some 
constant factor was present in the MD case. Unfortunately, the computer resources (a 
Silicon Graphics XZ) were limited in capability and so were not able to perform as 
many simulations as desired, otherwise it may have been possible to track any 
anomalies. In particular, an ultimate aim is to have solvent molecules present in the 
simulations but, at the present time this was not possible because it would have lead to 
the simulations being unmanageable. Nevertheless, the simulations showed some 
promising results which should be followed up in any future study.
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7.1 Final conclusions
An aim of this project was to gain a better understanding of succinimide 
dispersants. Although there are still many avenues to explore in being able to predict 
how well a certain type of dispersant will perform in real engine, this study has shed 
some light on the dispersancy mechanism and forms part of a lengthy process in the 
development of new and improved methods of dispersancy testing (i.e., to screen 
possible dispersants in the laboratory before subjecting them to expensive engine tests).
7.1.1 Synthesis and chemical nature
A matrix of model succinimide dispersants was synthesised with varying 
headgroups, chainlengths and degrees of substitution. These compounds were 
analysed using several techniques (elemental analysis, NMR, FTIR, GPC and UV) to 
determine the purities of the products and to evaluate. possible methods of 
identification of the chemical species present that could be used in the development of 
dispersancy tests.
Elemental analysis showed that the C, H and N contents of the succinimides 
were sufficiently close to theoretical values indicating that the products were of 
reasonable purity. However, in a few exceptional cases the nitrogen levels were lower 
than expected when the lower boiling amines were involved, suggesting that partial 
evaporation of the amine had taken place and there was some unreacted anhydride in 
the final product. Because of the chemical similarity of by-products to the desired
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compounds it was difficult to be too confident about absolute levels of purity of the 
synthesised products. This is an area where more thought could be given to “cleaner” 
synthesis procedures.
NMR produced spectra that were dominated by the peaks due to the 
hydrogens in the methylene groups (1.2-1.3 ppm) and the methyl groups (0.7-0.8 ppm) 
present in the alkyl chains of the succinimides. The other hydrogens gave complicated 
splitting patterns in the region between 2 .2-2.8 ppm because of the many slightly 
different hydrogen environments. Structural differences in the molecular architecture 
of the various succinimides could be determined by studying the intensity of the peaks 
(particularly at 0.7-0.8 ppm and 1.3-1.4 ppm) for differences in the level of substitution 
of the succinimides (i.e., whether it is mono- his- or tris-) and differences in the 
headgroups could be determined by the appearance of a broad peak at 3.2 ppm due to 
the hydrogen in the NH2 group of the mono- succinimides which was absent in the 
corresponding bis- compounds. Although, this may not be a reliable way of 
distinguishing between mono- and bis- compounds as it is possible that proton 
exchange between the NH2 and NH groups (3.6 ppm) may result in poor definition of 
the signal. Therefore NMR was not particularly informative in determining the 
atomistic composition of the compounds apart from indicating the level of branching of 
the headgroup.
The FTIR spectra for all the model compounds had similar adsorption bands, 
with a characteristic v(C=0) stretch at 1700cm'\ The F (C-H) stretches from the 
CH3 group were seen as very strong bands at 2855cm'^ (symmetric) and 2929cm'^ 
(asymmetric). The associated deformation frequency ô(CHs) was seen around 1400-
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1450cm"\ Weak rocking bands associated with the >CH2-CH2< chain were seen 
around 800-900cm"\ The F (C-C) stretch was seen around 1120-1200cm‘^  and 
F(C=C) stretch was seen around 1640-1680cm'\ The spectra of the wowo- 
compounds could be distinguished from the bis- and /rw-succinimides by the presence 
of primary amine bands at 3415cm'^ (in plane asymmetric stretching), 3300cm'^ 
(symmetric stretching), and 1550-1620 cm'  ^(bending).
UV studies showed that all of the succinimides had a characteristically strong 
absorbance band in the region 210-220  nm associated with the energy transitions of the 
>C=C< double bond which is the dominant feature of the spectra. Since all the 
compounds contain this fimctionality the spectra were quite insensitive to changes in 
the structure of the different succinimides, such as addition of more alkyl chain 
moieties and therefore did not prove to be a good diagnostic tool for distinguishing 
between the different types of succinimides. However, UVATfS analysis did provide a 
useful way of determining relative concentrations and this application was used in the 
powder adsorption studies reported in chapter five.
Therefore to summarise, the spectroscopic techniques were not very effective 
at distinguishing between similar compounds and therefore ascertaining levels of 
purity. The GPC spectra also provided only a qualitative diagnosis as the 
chromatogram was calibrated for a polystyrene reference material and therefore the 
molar masses had some degree of uncertainty. However, a clear indication of the 
product distribution from each reaction was obtained. The DETA products were found 
to be purer than the corresponding EDA samples and some products did contain a
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mixture of compounds, which increased in the order, mono-:bis-:tris- and Cn-^Cig. 
The purest products were the /wowo-C^DETA and 6/J-C12DETA. It seems that 
chromatography does offer one of the best prospects in determining the product 
distribution and it is suggested that these techniques are looked at in future work with 
the view to optimising them for the succinimides.
GC-MS studies provided no useful information as the samples were found to 
be unsuitable for this technique due to extreme fragmentation of the samples.
7.1.2 Physical nature in the bulk and at solid surfaces.
In contrast to the chemical analyses, once synthesised, there were many 
physical analysis techniques that could be used effectively to determine their properties 
in solution and in an adsorbed state. For example, VPO experiments showed that, 
except for /wowo-CigPDA, the mono compounds had molecular masses typically two or 
three times that of the theoretical value, indicating that these molecules formed small 
clusters in solution with an aggregation number of -2-3. The bis- and tris- compounds 
showed significantly less or no clustering in these solvents. There was no significant 
difference in association trends between the ethyl and propyl amines, indicating that 
association is mainly determined by the number of free nitrogen atoms in the head 
group and not so much on the separation between the nitrogens. Also the more 
hindered geometries of the more substituted compounds probably restricted 
association of the headgroups. The tris- compounds in solution are almost micelles in 
their own right (see Fig. 7.1).
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Fig. 7.1 Illustration of ditris- molecule showing its micellar-like shape.
The beautifully simple yet immensely informative Langmuir trough studies 
produced II-A curves which showed a number of interesting features that correlate 
well with expectations based on the assumed molecular architecture. A horizontal 
plateau appears increasingly for the shorter alkyl chain and the more substituted 
molecules (i.e., bis- and tris- compounds). In the other extreme, mono-Cn 
molecules give a monotonically increasing 11 with decreasing Am typical of a classical 
single chain amphiphile such as stearic acid. No plateau is evident for the mono- 
substituted Gig molecules. This indicates that the compression of the long alkyl chain 
mono substituted compounds is dominated by the interaction between the chains, 
whereas the emphasis is shifted from the two-dimensional ordering of the chains to the 
ordering of the head group (polyamine and succinate moieties) in the Cg or more 
substituted molecules. Therefore, the more distinguishable plateau is a reflection of the 
headgroup’s scope for efficient packing under pressure. The plateau is also 
reminiscent of two phase coexistence observed in equations of state, and could be a 
manifestation of a coexistence between randomly packed and more efficiently packed 
2D liquid-like structures formed out of the headgroup regions.
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A number of trends were observed in the Langmuir trough results. The surface 
area per molecule increased for all chain lengths through the sequence mono- to his- to 
tris-. For example, for the CigDETA compounds, the areas are 56, 83 and 122 
respectively. This correlates well with the number of succinate groups rather than the 
amine part alone (otherwise the mono and bis compounds would have approximately 
the same surface area) suggesting that the succinate groups sit more or less flat on the 
surface of the water and they are therefore important in determining the surface area 
occupied by the headgroup. The area occupied by the /wowo-CgDETA molecules was 
significantly less than the mono-C\IDKlK or the wowo-CigDETA molecules indicating 
that for the mono compounds the Cg alkyl chains are more rigid and pack together 
more efficiently than the somewhat more flexible C12 and Gig chains, which are able to 
tilt over to a greater extent and therefore occupy a greater area. Another aspect of the 
difference between the Gg and higher alkyl chains, is brought out in the pseudo-static 
dilational modulus, s=-dn/dlnAm vs. InAm. These derivative plots indicated that for 
the compressibility (oc s'^) of the /wowo-DETA compounds increased in the order Gg 
>Gi2 >Gig over most of the II-A curve. This would be expected since when the 
molecules occupy a relatively large area their conformation is like that at low 
concentrations, i.e., they lie flatter along the surface. Therefore, as the area available 
to the molecules is reduced the molecules with longer chains begin to interact at larger 
areas per molecule shown by a corresponding increase in surface pressure at a specific 
surface coverage when compared with their short chain homologues.
The areas per molecule for the bis- and tris- compounds were insensitive to 
variations in the chain length, indicating that for these molecules the surface area per 
molecule is dominated by the headgroup region, rather than the compressibility of the
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tails (as in the mono- case). This suggests that the hydrocarbon tails in the his- and 
tris- molecules interact to a lesser extent than in the /wowo-cases because of the 
additional free space provided by the spacious headgroups.
The Twowo-compounds show the most complicated trends, the areas of which 
are quite sensitive to chain length and temperature. It appears that the surface state of 
the Twowo-compounds is a delicate balance between several competing factors, whereas 
in the more highly substituted polyamines the headgroup region tends to dominate the 
surface occupied per molecule. The behaviour of the chain and its length are less 
important factors in these more substituted molecules.
Ellipsometric studies produced mono-layer thicknesses of the succinimide films 
that generally were in good agreement with theoretical values, i.e., the mono-layer 
thicknesses increased roughly in proportion to the length of the stretched out alkyl 
chain. However, it can be seen that for some of the compounds the calculated 
thicknesses were around 25% less than the theoretical values, indicating that either 
some tilting of the chains could have occurred or that the assumed refractive index was 
too large. Conversely, some of the EDA, PDA and /r/j-compounds formed mono­
layers that were much thicker than expected. This could have been due to impurities 
which interfered with film formation.
It was found that only the Gig compounds could form multi-layer structures. 
The average layer thicknesses obtained from the multi-layer structures were generally 
consistent with those obtained from the mono-layer films except for the Gig EDA 
compounds, which made very poor multi-layer films. It was also noted that the
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consistency of the mono- and ^/.y-DPTA multi-layer films seemed to degrade in the last 
few layers, indicating that films of these dispersants become progressively more 
unstable after c.a. 11-13 layers.
Generally, the trends in the film thicknesses, depended on chain length and 
chemical nature of the headgroup, which is consistent with the observations made from 
the Langmuir film experiments. As the headgroup gets smaller the tails of 
neighbouring molecules can get closer to each other. The van der Waals attractions 
between the chains induce them to pack in a more perpendicular fashion, with respect 
to the surface which was demonstrated by comparing the films of a range of bis- 
succinimides with varying headgroup sizes. Of the four molecules considered, the bis- 
PDA stands apart as it has a significantly smaller headgroup and consequently the layer 
thickness is greater than for the other three compounds at the same level of 
substitution and chain length (i.e., Cig ôw-DETA, DPTA and TPTA compounds). The 
effect becomes less pronounced for the very large headgroups, as can be seen by the 
similar height versus layer number profiles for the Ô/5-DPTA and ^>/5-TPTA 
compounds, the latter having a headgroup around 30% longer.
A similar effect was apparent in a series of molecules in which only the level of 
substitution is varied. The te-CigDETA is seen to have a greater thickness than the 
bis-, which in turn has a greater thickness than the /wowo-derivative. This indicates that 
the more chains that are attached to the polyamine the greater the number of chains in 
a given area. This causes the chains to become more vertical as a result of the lack of 
space they have to occupy.
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7.1.3 Solution adsorption behaviour
The adsorption studies provided a significant insight into the adsorption 
behaviour of the succinimides from solution onto a carbonaceous surface. The “high- 
aflTinity” (H)/S-shaped profiles obtained indicated that the succinimide molecules had a 
high affinity for the carbon surface and also that there is evidence of strong interactions 
between the succinimide chains on the surface which aids the adsorption process and 
possibly the stabilisation of the carbon particles. Continued adsorption, particularly at 
stronger solution concentrations, indicates that the succinimides also show some 
evidence of multi-layer formation which is not seen in the MB isotherm indicating 
again that there are strong interactive forces between the succinimide molecules. The 
molar quantities adsorbed for the various molecules followed the trend MB>model 
succinimides>commercial succinimides. This suggests that either the succinimide 
molecules are excluded from some of the smaller pores or that, particularly for the 
commercial dispersants, the area occupied on the surface is significantly larger than the 
values estimated from the Langmuir trough experiments. This may be due to the 
‘sweeping-out’ of the hydrocarbon tails over the carbonaceous surface giving a large 
effective surface area per molecule than the nominal dimensions of the molecule would 
suggest. With the information obtained it was not possible to distinguish between 
these two possibilities. In fact, a combination of the two effects may be operating.
The TLC technique gave a good indication of the types of interactions that 
occur between the dispersant and the stationary and mobile phases. Independently 
varying the polarity of these phases showed that the dispersant can interact strongly 
with the stationary phase if the plate is chemically similar in nature to the amine or
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alkyl moiety and similarly the chemical nature of the solvent can also influence the 
extent of movement up the plate. Thus, it is clear that the interaction of the dispersant 
with the stationary phase and solvents is strong and dependent on the chemical nature 
of both. However, all of these effects become less pronounced as the chain length 
increases which means that these effects will be much less evident for the commercial 
products (backbone chainlengths up to C 5 0 ) .  Although there are obvious interactions 
between the model dispersants and the plate/solvent systems these effects may be 
altered with the presence of sludge as the dispersant molecules should show more 
association with the sludge particles than with the TLC plates.
In the development of a laboratory-based dispersancy test the viscometry 
studies showed promising results. It was found that there was generally an inverse 
trend with respect to the change in viscosity between the laboratory and the engine test 
results. This was explained in chapter five in terms of the differences in the 
stabilising/flocculation processes that occur in an engine compared to the artificial 
laboratory environment. The ranking of some model succinimides by the viscometry 
test predicted that the wc?«o-succinimides would be better dispersants than the more 
highly substituted succinimides for both the DETA and DPTA molecules. There were 
relatively small differences in the predicted performances of the various model 
succinimides possibly due to the comparative shortness of the chains compared to the 
commercial succinimides. However, the predicted effectiveness of the commercial 
dispersants correlated well with the engine tests.
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7.1.4 Computer Simulations
A simulations strategy was established for investigating dispersant molecule 
association with solid polar substrates. The computer results were able to rank 
strength of attraction of the molecules in an order broadly in line with experimental 
results. Due to lack of computer resources, it was not possible to include solvent in 
the simulations. Therefore perhaps the strength of adsorption was over estimated in 
the model. Nevertheless, molecular simulation is a promising technique which should 
be used in any future study with these experiments in this study acting as an 
interpretative guide.
7.1.5 General comments
The work from this research has been summarised in the above sections 
however, their are a few issues which should be re-emphasised. The model dispersants 
that were synthesised and used in this research were not of 100% purity but 
nevertheless this does not detract from the results obtained for two reasons. Firstly, 
the model compounds were used to simulate commercial dispersants which themselves 
are produced by the very same mechanism and therefore will also contain similar by­
products. It is also possible that some of these by-products may in fact contribute to 
the dispersants effectiveness and complete removal of all by-products will in fact be 
less representative of the commercial product. Secondly, the model compounds were 
used only as a guide to how the commercial compounds may respond to changes in 
headgroup, level of substitution and chainlength and for this purpose they filled their
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role adequately. However, suggestions have been made in the next section on how 
sample purity may been enhanced for both model and commercial synthesis.
The main aims of this thesis were to shed some light on possible dispersancy 
mechanisms and to develop an improved method for testing the dispersants 
effectiveness in the laboratory so that “bad” dispersants can be screened out before 
money is spent putting them through expensive engine tests. It has been shown both 
experimentally (in the adsorption studies) and in simulations that the dispersants have a 
strong affinity for carbonaceous surfaces and their ability to form monolayers and 
multi-layers on these surfaces may play an important role in the formation of a steric 
layer for stabilisation of the particles, the proposed mechanism of which was discussed 
in detail in chapter two. The aim to develop a potentially useful dispersancy test was 
also achieved as experimental results from the viscometry studies on carbon 
suspensions proved to be encouraging and further refinement of this work would seem 
appropriate.
7.2 Future work
Most of the techniques used in this study can be developed further. Perhaps of 
most immediate commercial significance, the dispersancy test developed in this thesis is 
worthy of further investigation. Other areas of further development are suggested 
below.
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7.2.1 Experimental work
The synthesis procedure for the model compounds is a straight forward 
condensation reaction. Obtaining only the product of interest is a problem. Although 
altering the ratio of anhydride to amine to 2:1 does seem to favour the formation of a 
fairly pure bis- product, a 1:1 ratio does not necessarily mean that only a mono- 
product will form (i.e., the reaction is not regiospecific and the anhydride may in 
theory react at any of the amine sites potentially yielding a mixture of mono- bis- and 
tris- products). Therefore, a more detailed study on the effects of varying the 
parameters of the reaction, such as temperature, may lead to improvement of the 
synthesis procedure with respect to assurance on chemical purity as this has 
consequences for quantitative accuracy of subsequent testing (e.g., viscometry). 
Ideally this will help to design a synthesis procedure that would minimise product 
variability in the reaction itself. This would be the most important step as once the 
products are made it is difficult to purify them further in significant quantities because 
of the chemical similarities between the by-products and the desired product.
Concurrently a need to improve the methods for determining chemical purity of 
the synthesised model dispersants would be needed as current spectroscopy techniques 
are not specific enough (all the succinimides look very similar). Since the samples are 
solids or viscous liquids analysis by traditional techniques is difficult. However, 
development of the GPC technique using more appropriate standards may yield a 
useful qualitative and quantitative approach for analysing product purity.
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As far as the ideal dispersant molecule is concerned it appears to me that there 
are the following requirements in molecular architecture. The headgroup must be 
sufficiently “sticky” to attach itself on the surface of a growing particle, but not to be 
too aggressive to cause damage to other engine components, such as rubber seals. 
Therefore, it is the bis- product that is likely to be favoured commercially. This study 
both theoretical and experimental has revealed however the crucial importance of 
getting the chain length and flexibility optimised. The present PIB chains seem ideal 
(note: they cannot be too long as this causes viscometric problems in the engine). 
Some level of chain rigidity would appear to restrict wastefiil penetration of the 
molecules inside the sludge particles.
The adsorption and viscometry techniques involved adsorption of the model 
and commercial dispersants onto activated carbon. This adsorbent seemed a 
reasonable choice from limited characterisation. However a more detailed 
characterisation of the sludge or soot may reveal that other grades of activated carbon 
or carbon black have a range of particle sizes, density, porosity, surface functionalities 
that may offer a better match. A selection of activated carbons/carbon blacks could be 
investigated to determine which carbon would best resemble engine soot and then this 
carbon should be used in subsequent laboratory tests. Additional techniques that could 
be used in the characterisation of the carbons, to complement the elemental analysis 
and SEM work carried out in this thesis, include thermal gravimetric analysis (TGA), 
atomic force microscopy (ATM), scanning tunnelling microscopy (STM), 
environmental tunnelling electron microscopy (TEM), NMR and inverse gas phase 
chromatography. Also it would be interesting to carry out experiments that could 
probe the state of the succinimide molecules on the carbonaceous surfaces and to be
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able to track independently how far the molecules penetrate into the porous network. 
Perhaps some kind of surface spectroscopy on the solid samples, e.g., NMR.
7.2.2 Computer simulation
The simulations provided insights into the way the succinimides interact with 
carbonaceous surfaces. Some ideas for further development of these simulations are 
detailed below.
The current MD simulations have shown that although there are attractions 
between the larger “charged fiillerenes” and the succinimides there was little attraction 
between the smaller fiillerenes (note: this is not unexpected as Ceo fiillerenes are being 
marketed as friction reducing lubrication additives themselves and therefore it would 
be hoped that there interaction with other additives would be minimal). It therefore 
appears that the radius of curvature of the carbon particle is important and further 
studies into the size at which the particle becomes “most attractive” to the 
succinimides would be of interest. This would determine whether the function of the 
succinimides is to prevent primary particle aggregation at some particular size or 
whether they simply disperse particles of a range of sizes.
Due to limitations in computing power solvent was excluded from these 
simulations. The interaction between the particles is certainly going to be affected by 
the presence of solvent. Therefore, for a more realistic approach it would be necessary 
to include a solvent in the simulation. In engines the solvent is base oil which is a
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poorly defined mixture of both aliphatic and aromatic species that would probably be 
quite difficult to simulate; so it would be best to start with a more simple hydrocarbon 
solvent such as hexane.
Also due to limitations in computing power only a small amount (five) of 
succinimides were allowed to “interact” with the charged fiillerenes. From the 
experiment adsorption studies it is known that in sufficient concentrations the 
succinimides will form mono-layers and multi-layers around carbon particles. It would 
therefore be interesting to view this mono-layer/multi-layer formation computationally 
to see what level of surface coverage is needed for stabilisation of the carbon particles 
(i.e., what the thickness of the steric layer might be) and how many dispersant 
molecules are needed to achieve this. However, unless a more powerful computer 
were to be used it would be very difficult to model this atomistically due to the 
thousands of atoms that would need to be included. Therefore, the most likely way in 
which this could be modelled would be by modelling each component (i.e., the carbon 
particle and the succinimides) more simplistically using a unified carbon model (i.e., 
where the hydrogens are removed and charges are only placed on the 
headgroups/tails/carbon particle) shown in Fig. 7.2.
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Atomistic model each atom has a charge
Unified carbon model:- sections of the molecule are given a charge
Hydrophobic charge Hydrophilic
charge
Fig. 7.2 Illustration showing the differences between atomistic and unified modelling approaches.
